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FOREWORD 


Performance  of  the  propulsion  system  must  be  known  to  a  high  degree  of  accuracy  throughout  the  entire  flight 
envelope  to  achieve  the  level  of  operational  capability  demanded  from  today’s  high-performance  aircraft.The  starting  point 
for  a  synthesis  of  propulsion  system  behaviour  is  the  performance  of  the  basic  engine,  and  this  is  normally  obtained  from 
measurements  made  during  full  scale  tests  on  the  ground  in  test  beds  and  altitude  simulation  facilities.  In  the  latter,  the 
environmental  conditions  of  pressure  and  temperature  met  in  flight  can  be  accurately  reproduced. 

During  the  late  1 970s  joint  engine  development  and  licensed  production  programs  among  companies  from  different 
countries  were  becoming  common.  Further,  engines  which  were  developed  in  one  country  often  were  used  in  airframes 
developed  in  another.  Both  situations  require  engine  performance  information  which  can  be  interpreted  internationally  and 
provide  a  valid  basis  for  performance  comparisons.  However,  experience  showed  that  there  was  poor  understanding  of  the 
meaning  of  engine  performance  characteristics  as  derived  from  test  facility  measurements  in  the  different  countries. 

Because  of  the  critical  nature  of  engine  test  measurements  and  their  influence  on  aircraft  performance  predictions,  as 
well  as  the  need  for  a  sound  understanding  of  test-related  factors,  which  may  influence  such  measurements,  an  inter-facility 
comparison  was  proposed  by  the  Propulsion  and  Energetics  Panel  (PEP)  of  AGARD.  The  basic  idea  was  that  a  nominated 
engine  would  be  tested  in  several  facilities,  both  ground  level  and  altitude,  the  results  then  compared,  and  explanations 
sought  for  any  observed  differences. 

AGARD  offered  a  unique  structure  to  execute  such  a  program  and  precedent  for  AGARD  sponsorship  existed  in  the 
earlier  testing  of  uniform  aerodynamic  models  in  wind  tunnels  under  the  auspices  of  the  Fluid  Dynamics  Panel.  A  formal 
proposal  was  presented  to  the  Propulsion  and  Energetics  Panel  (PEP)  of  AGARD  in  April  1979  by  the  US  Delegation. 
Although  the  scope  of  the  effort  was  of  a  magnitude  and  timespan  uncharacteristic  for  an  AGARD  undertaking,  the  PEP 
agreed  to  sponsorship  and  Working  Group  1 5  was  chartered  to  conduct  the  project  which  became  known  as  the  Uniform 
Engine  Test  Program  (UETP).  Dr  James  G.Mitchell.  then  Chief  Scientist  at  the  U.S.  Arnold  Engineering  Development 
Center,  was  appointed  as  Chairman  of  this  major  new  effort  and  members  of  the  engine  test  community  throughout  AGARD 
were  selected  to  serve  on  Working  Group  1 5  along  with  PEP  representatives. 

Two  specially  prepared  and  instrumented  turbine  engines  were  tested  in  ground  test  beds  and  altitude  facilities  in  five 
countries  (eight  test  facilities)  in  a  closely  controlled  test  program.  The  participating  agencies  bore  the  entire  cost  of  testing 
and  the  costs  of  all  subsequent  data  analyses.  These  testing  agencies  in  order  of  testing  were:  National  Aeronautics  and  Space 
Administration  Lewis  Research  Center  (NASA.  U.S.),  Air  Force  Arnold  Engineering  Development  ('enter  (AEDC.  U.S.). 
National  Research  Council  of  Canada  (NRCC.  Canada).  Centre  d’Essais  des  Propulseurs  (CEPr.  France).  Turkish  Air 
Force  Overhaul  Base  (TUAF. Turkey).  Royal  Aircraft  Establishment  at  Pyestock  (RAE(P).  UK.).  and  Naval  Air  Propulsion 
Center  (NAPC.  U.S. ). 

The  UETP  began  with  the  primary  objective  of  providing  an  international  test  facility  calibration  program  to  permit 
inter-facility  comparisons  of  engine  performance.  It  became  apparent  early  on  that  facility  measurement  uncertainty 
estimates  would  be  an  important  consideration  in  the  UETP  from  the  standpoint  that  the  interpretation  of  the  interfacility 
comparisons  would  depend  on  a  consistent,  well  founded  treatment  of  the  different  measurement  processes  used  b\  each 
facility.  Also,  interpretation  of  the  observed  data  differences  could  provide  valuable  insight  into  the  validity  of  each  facility’s 
estimated  measurement  uncertainties  and  result  in  the  improvement  of  measurement  uncertainty  estimation  methodology. 
Such  an  opportunity  to  observe  a  wide  variety  of  testing  influences  and  the  means  to  provide  a  directly -comparable, 
quantitative  evaluation  of  the  quality  of  the  different  test  methods  and  measurement  equipment  in  use  at  the  various  facilities 
had  never  before  been  presented.  As  a  result,  a  new  appreciation  of  the  sensitivities  of  some  of  the  testing  engine  v  ariables 
and  their  interactions  could  be  gained.  It  is  likely  that  the  use  of  this  information  to  improve  testing  techniques,  testing 
hardware,  and  data  acquisition/handling  could  become  the  most  important  contribution  of  the  UETP. 

To  address  test  facility  measurement  uncertainties,  a  Sub-group  of  the  main  Working  Group  was  formed  with  Mr 
J.P.K.VIeghert  appointed  as  the  Chairman.  In  addition,  members  of  the  test  facilities  conversant  w  ith  the  measurement 
uncertainty  estimation  process  were  also  selected  to  serve  on  this  Sub-Group.  The  Sub-group  met  for  the  first  lime  at 
AGARD  Headquarters  in  Paris.  France,  from  29  April  —  3  May  1 985  to  discuss  the  Elemental  Error  Audit  put  together 
earlier  by  the  North  American  facilities  and  to  identify  the  type  of  information  further  required  and  the  reporting 
requirements  for  each  of  the  test  participants.  Subsequent  meetings  of  the  Sub  Group  were  held  at  RAE(P)  in  November 
1 987,  and  February  1988.  and  at  NRCC  in  June  1988. 

The  reader  interested  in  the  UETP  interfacility  engine  performance  comparisons  for  both  altitude  and  ground  level  test 
facilities  including  the  interpretation  and  analyses  of  the  performance  differences  is  referred  to  AGARD  AR  248  ‘The 
Uniform  Engine  Test  Programme’,  by  P.F.Ashwood  (Reference  12).  Much  of  the  background  information  and  facility 
description  was  taken  from  this  report  and  is  repeated  herein  for  completeness.  Nevertheless,  it  is  advisable  for  the  reader  to 
have  this  report  and  the  ‘Handbook  Uncertainty  in  Gas  Turbine  Measurements',  by  R.B.  Abcrnethy  and  J.W.  Thompson 
(Reference  2)  available  when  studying  this  AGARDograph. 
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THEME 


The  AGARDograph  is  an  outcome  of  the  Propulsion  and  Energetics  Panel  Working  Group  1 5  on  'Uniform  Engine 
Testing  Programme*  (AGARD  AR  248).  During  the  performance  of  this  Group  it  appeared  that  the  results  of  some  test 
runs  were  somewhat  scattered  without  an  obvious  explanation.  The  Group,  therefore,  formed  a  sub-Group  with  the  task  of 
carefully  assessing  the  uncertainties  of  the  measured  data  in  order  to  find  out  whether  the  scattering  was  within  the  expected 
uncertainty  or  whether  an  explanation  must  be  found.  Since  the  results  of  the  efforts  of  the  sub-Group  have  some  importance 
beyond  the  Working  Group  1 5  tests,  it  was  decided  to  report  them  in  the  form  of  an  AGARDograph.  In  Chapter  5  the 
different  uncertainties  are  estimated.  The  discussion  on  the  uncertainties  appears  in  Chapter  6.  and  in  the  following  Chapter 
7.  ten  conclusions  are  drawn  from  the  efforts. 

This  AGARDograph  was  prepared  at  the  request  of  the  Propulsion  and  Energetics  Panel  of  AGARD. 


Cette  AGARDographie  a  pour  origine  les  travaux  du  Groupe  de  travail  1 5  du  Panel  AGARD  dc  Propulsion  et 
d'Energetique  sur  “Le  Programme  d’Essai  Uniforme  des  Moteurs"  (AGARD  AR  248).  Au  cours  des  activates  de  ce  groupe 
une  dispersion  non-negligeable  a  etc  observee  dans  les  resultats  dc  certaines  series  d'essais  et  ceei  sans  explication  evident. 
Le  Groupe  a  done  decide  de  creer  un  sous-groupe  qui  aurait  pour  mission  de  faire  une  evaluation  detaillee  du  dcgie 
d'incertitude  sur  les  donnees  obtenues  par  la  mesure.  afin  de  determiner  si  la  dispersion  constatee  sc  conformait  au  degre 
d'incertitude  attendu.  ou  s'il  fallait  en  trouver  une  explication.  Etant  donne  que  1'importance  des  resultats  obtenus  par  le 
sous-groupe  depassait  le  cadre  des  essais  conduits  par  le  groupe  de  travail  No.  15.il  a  etc  decide  de  les  publier  sous  forme 
d'AGARDographie.  Une  evaluation  des  differentes  incertitudes  est  faite  au  chapitre  5  de  cette  publication.  Le  chapitre  (> 
contient  le  texte  des  discussions  qui  ont  eu  lieu  sur  les  incertitudes  et  les  conclusions  sont  indiques  au  chapitre  7. 

Cette  AGARDographie  a  etc  realisec  a  la  demande  du  Panel  AGARD  de  Propulsion  et  d'Energetique. 
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EXECUTIVE  SUMMARY 


The  UETP  Is  one  of  the  most  extensive  experimental  and  analytical  programs  ever  sponsored  by  AOARD. 
The  program  was  proposed  by  the  Propulsion  and  Energetics  Panel  and  approved  by  AGARD  in  1980.  The 
objectives  of  the  program  were: 

"To  provide  a  basis  for  upgrading  the  standards  of  turbine  engine  testing  within  AGARD  countries  by 
comparing  test  procedures,  instrumentation  techniques  and  data  reduction  methods,  thereby  increasing 
confidence  in  performance  data  obtained  from  engine  test  facilities. 

To  compare  the  performance  of  an  engine  measured  in  ground  level  test  facilities  and  in  altitude 
facilities  at  the  same  non-dimensional  conditions  and  establish  the  reasons  for  any  observed 
differences. " 


The  UETP  involved  testing  of  two  turbojet  engines  in  five  countries  (I-?,  Canada,  France,  Turkey  and 
UK)  using  four  altitude  test  facilities  and  four  ground-level  test  beds.  The  testing  program  began  in  1^81 
and  extended  over  a  period  of  approximately  seven  years,  with  the  supporting  data  analysis  program 
progressing  concurrently  on  a  cooperative  multi-national  basis.  The  pmgramme  has  a  historic  importance  ir. 
that  for  the  first  time  it  has  made  possible  direct  comparison  of  engine  performance  as  measured  in  a 
closely  controlled  test  program  over  a  range  of  altitudes  and  fLiglit  speeds,  in  different  facilities,  and 
using  different  methods  of  data  acquisition  and  processing. 


The  test  facilities  which  participated  in  the  ten 
comments  on  the  type  of  test  program. 

National  Aeronautics  and  Space  Administration  (NASA) 
Arnold  Engineering  Development  Center  (AEUC) 

National  Research  Council  of  Canada  (NRCC) 

Centre  d'Fssais  des  Propulseurs  (CEPr) 

Turkish  Air  Force  Overhaul  Base  (TUAF) 

Royal  Aircraft  Establishment  Pyestock  (RAK(P) ) 

Naval  Air  Propulsion  Center  (NAPC) 


NOTE:  NASA  and  NRCC  performed  repeat  testing  prior  to 


t  program  are  noted  in  the  order  ot  testing  and  with 


?  engines  at  altitude 
2  engines  at  altitude 
2  engines  at  ground  level 
2  engines  at  ground  level 
1  engine  at  altitude 
l  engine  at  ground  level 
1  engine  at  altitude 
l  engine  at  ground  level 
(open  air  facility) 

testing  at  NAPC. 


The  test  vehicle  selected  for  the  program  was  the  Pratt  6  Whitney  .fc-7-P-!9W  twin-spool  turbojet.  This 
engine  was  chosen  because  of  its  rugged,  mature  configuration  with  minimum  mechanical  variable  geometry 
features  which  could  introduce  small  performance  variations  from  test  to  test.  1 i  was  also  of  a  size  whirl; 
made  it  acceptable  for  test  in  the  facilities  under  consideration.  The  fact  that,  hv  modern  standards,  it 
is  of  modest  aero-thermodynamic  design  was  of  no  consequence.  Two  engines  were  loaned  to  the  program  by 
the  U.S.  Air  Force.  Due  to  higher  priority  test  workload  at  the  participating  facilities,  it  was  not 
possible  to  test  both  engines  in  all  facilities  as  was  the  original  intention. 


At  the  commencement  of  the  program  a  General  Test  Plan  was  prepared  which  defined  the  location  and 
extent  of  the  engine  instrumentation,  the  test  conditions,  the  test  procedure  and  the  equations  to  be  used 
for  calculating  the  engine  performance  parameters.  Test  results  were  only  inter  changed  between  facilities 
after  each  completed  their  test  program  so  that  each  facility  went  into  its  testing  'blind'  and  with  no 
basis  for  comparison.  As  the  program  progressed,  interfacility  comparisons  became  possible  and  extensive 
investigations  were  undertaken  to  discover  the  cause  of  the  observed  differences. 


The  General  Test  Plan  called  for  a  pre-test  evaluation  and  declaration  of  measurement  uncertainty  and 
this  eventually  developed  info  a  subsidiary  investigation,  which  is  reported  here.  The  subject  of  error 
analysis  is  highly  specialized  and  required  rigorous  treatment;  this  is  exemplified  by  the  error  audit 
procedure  developed  by  the  North  American  test  facilities  and  applied  by  each  of  the  part 1 c i pat lug 
facilities.  This  was  a  valuabte  outcome  of  the  UETP  and  resulted  in  better  identification  of  error  sources 
with  consequent  improvement  in  overall  standards.  In  particular,  the  error  analysis  program  demonstrated 
the  importance  of  setting  up  procedures  for  checkin*’,  all  measurement  systems  and  applying  them  continuous! 
at  all  stages  of  the  test  program. 

The  measurement  systems  (including  sensors,  scanning  devices,  power  supplies,  transducers,  cabling, 
data  acquisition  and  processing  equipment)  used  for  the  UETP  differed  widely  among  the  various  test 
facilities.  Two  common  measuring  system  characteristics,  however,  were  the  use  of  electronic  scanning  and 
conditioning  equipment  and  computerized  acquisition  and  processing.  The  exception  was  the  TUAF  measurement 
systems  which  Included  a  large  number  of  mechanical  Rages  and  manual !'•  recorded  data.  Although  a  common 
methodotogy  was  used  to  make  the  measurement  uncertainty  estimates,  there  is  «one  flexibility  in  the 
definition  of  the  elements  of  the  measurement  process  and  the  allocation  of  the  bias  and  precision  errors 
for  those  elements.  As  a  consequence,  there  was  a  much  wider  variation  in  the  elemental  bias  and  precision 
errors  between  facilities  Chun  for  the  estimated  total  measurement  uncertainty  for  the  engine  performance 
parameters.  The  range  of  the  estimated  measurement  uncertainties  for  some  of  the  basic  measurements  and 
engine  performance  parameters  at  approximately  the  mid-thrust  level  of  the  engine  power  range  tested  are 
noted  below.  The  ground  level  facility  results  correspond  to  standard  day  test  conditions;  the  altitude 
facility  results  correspond  to  an  engine  inlet  temperature  of  288°K  and  a  low  altitude  (P2  *»  82.7KPa)  and 
high  altitude  (P2  *  20.7KPa)  test  condition. 


Range  of  Estimated  Uncertainties 

Ground  Level  Facilities  Mtltude  Facilities 

BASIC  >! HAS l? R  EMENTS  P2  «  101.3  KPa  P2  »  82.7  kPa  P2  »  20.7  kPa 
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Key  contribut Ions  of  the  UETP  measurement  uncertainty  assessment  to  the  AOARO  participating  countries  are: 

Major  advances  in  the  assessment  and  communication  of  data  quality  were  made  by  the  AGAKP  turbine 
test  community  during  the  course  of  this  program.  A  single  methodology  for  estimating  the  bias 
limits,  precision  Indices,  and  overall  uncertainties  of  the  measured  and  calculated  engine 
performance  parameters  was  adopted  for  the  LT.TP.  Implementation  at  each  facility  followed  local 
practice . 

The  UETP  provided  a  quantitative  evaluation  of  the  oualitv  ot  the  different  measurement  methods  and 
equipment  in  use  at  the  various  facilities.  In  no  case  were  all  of  the  best  features  concentrated  at 
a  single  facility.  Thus,  a  systematic  basis  is  now  available  for  each  facility  to  identify  and 
implement  future  improvements  in  ttst  capability. 

Lngine  speeds  had  the  lowest  uncertainty  of  the  performance  parameters.  However,  due  to  -ensi t  ivi t v 
(curve  shift)  effects,  comparisons  of  performance  on  the  basis  of  engire  speed  do  not  necessarily 
give  the  lowest  overall  uncertainty. 

Engine  specific  fuel  consumption  had  the  largest  predicted  uncertainty  of  the  performance  parameter*  , 
The  other  key  performance  measurements,  thrust,  fuel  flow  and  ail  flow,  lay  between  these  extremes. 

Two  measurement  systems  were  specially  notable  for  demonstrated  low  measurement  uncertainty  within 
their  category,  i.e.  the  positive  displacement  fuel  flow  meters  at  RAF.(I')  and  the  .‘.'*nic  airflow  meter 
at  A Kr>C. 


Well-established  national  test  centers  have  been  provided  an  incentive  to  improve  their  turbine  engine 
test  measurement  techniques  by  adopting  better  methodology,  procedures  and  equipment. 

Final  1'*,  the  extent  to  which  the  1‘KTP  has  been  of  value  and  will  lead  to  improvements  in  future  measure¬ 
ment  techniques  wiJ;  depend  uper  Actions  cjkrn  by  each  participating  facility.  However,  then*  is  no  doul  t 
that  the  growth  in  knowledge  of  bettor  ways  of  assessing  and  understanding  tost  facility  measurement  uncer¬ 
tainties  will  be  reflected  in  an  improved  and  more  standardized  test  operation  ir  all  tlio  participating 
countries. 


INTRODUCTION  '*  t 


The  UtiTP  is  one  of  the  most  extensive  experimental  and  analytical  programs  over  sponsored  by  ALAND. 
The  program  was  proposed  by  the  Propulsion  and  Energetics  Panel  and  approved  bv  ACAXD  in  1080.  The 
object i ves  of  the  program  were: 

1  ^'To  provide  a  basis  for  upgrading  the  standards  of  turbine  engine  testing  within  ALAND  countries  by 
comparing  test  procedures,  instrumentation  techniques  and  data  reduction  me thuds,  thereby  increasing 
confidence  in  performance  data  obtained  t rom  engine  test  facilities. 

T*»  compare  the  performance  oi  an  engine  measured  in  ground  level  test  facilities  at  *  in  altitude 
facilities  at  the  same  nr n-dimens ional  conditions  and  establish  the  mesons  f or  any  >bservcd 
<J i  1  ferenc  es . H-5 

The  UETP  involved  testing  of  two  turbojet  engines  in  five  countries  O'S,  Canada,  France,  Turkey  and 
UK)  using  four  altitude  test  facilities  and  four  ground-level  test  beds.  The  testing  program  began  in  lf'b! 
and  extended  over  a  period  of  approximately  seven  years,  with  the  supporting  data  analysts  program 
progressing  concurrently  on  a  cooperative  multi-national  basis.  The  program  has  an  historic  Importance  in 
that  for  the  first  tine  it  has  made  possible  test  program  over  a  range  of  altitudes  and  flight  speeds,  in 
different  facilities,  and  using  different  methods,  nt  data  acquisition  and  processing. 

The  test  facilities  which  participated  in  the  test  program  are  noted  in  the  order  of  testing  r-nd  with 
comments  on  the  type  of  test  program. 


National  Aeronautics  and  Space  Administration  (NASA) 
Arnold  Engineering  Development  Center  (AKDC) 

National  Research  Council  of  Canada  (NRCC) 

Centre  d'Kssais  dos  Propul  strum  (CEPr) 

Turkish  Air  Yorcv  Overhaul  Rase  (TUAF) 

Royal  Aircraft  Establishment  Pyestock  (RAF(P)) 

Naval  Air  Propulsion  Center  (NAPC) 


2  engines  at  a  lilt  t-de  s —  *  t  _  / 

2  engines  at  altitude  i'  •  -'k 

?  engines  at  ground  level  / 

?  engines  at  ground  level 

1  engine  at  altitude 
1  engine  at  ground  level 
1  engine  at  altitude 
1  err. i t>c  at  ground  level 
(open  air  facility) 


NOTH:  NASA  and  NKCC  performed  repeat  testing  prior  to  test 'eg.  at  NAPC. 


I 


> 


> 

Ac  the  commencement  of  the  program  a  General  Test  Plan  (CTP,  Kef.l)  was  prepared  which  defined  the 
location  and  extent  ot  the  referee  instrumentation,  the  test  conditions,  the  test  procedure,  and  the 
equations  to  be  used  for  calculating  the  engine  performance  parameters.  Test  results  were  only 
interchanged  between  facilities  after  each  completed  their  test  program  so  that  each  facility  went  into 
its  testing  'blind'  and  with  no  basis  for  comparison.  As  the  program  progressed,  interfacility  comparisons 
became  possible  and  extensive  investigations  were  undertaken  to  discover  the  cause  of  the  observed 
difference.*. 

To  quantity  interfacility  differences  attributable  to  measurement  systems  and  to  provide 
a i common  basis  for  comparisons  of  the  quality  of  different  measurement  systems,  the 

GTP  called  for  an  evaluation  ai.  <  declaration  of  measurement  uncertainty  based  on  the  methodology 
developed  bv  Dr.  R.B.  Ahernethy  and  J.W.  Thompson  (Ref. 2).  The  initial  measurement  uncertainty  estimates 
differed  widely  between  the  different  test  facilities,  therefore  it  was  proposed  to  go  into  further  detail 
In  the  estimation  procedure.  To  this  end  the  North  American  facilities  put  together  an  Error  Audit  (Ref. 3) 
which  all  participants  were  requested  to  follow  to  clarify  the  differences  in  the  uncertainty  results.  A 
Sub-Groi’n  on  Uncertainty  Assessment  was  formed  (see  Appendix  I  -  J.P.K.  Vleghert,  Chairman)  which  met  for 
the  first  time  in  Paris  from  29  April  -  3  May  1985.  This  meeting,  which  was  very  helpful  in  clarifying  the 
procedures  used  by  the  different  facilities,  is  reported  in  Ref. 4.  Subsequent  meetings  of  the  Sub-Group 
were  hold  at  RAF.(P)  in  November  1987  and  Februari  1988  and  at  NRCC  in  July  1988. 

The  present  report  includes  a  review  of  the  UETP  measurement  uncertainty  methodology  as  it  was 
finally  implemented  and  the  measurement  systems  used  at  each  facility  for  engine  performance 
determination.  Samples  of  the  detailed  information  provided  by  each  facility  are  shown  and  a  detailed 
comparison  of  the  measurement  uncertainties  and  a  discussion  of  some  of  the  major  difference  are 
presented.  The  elemental  error  values  are  mainly  a  question  of  classif ication ,  and  this  differed  in  detail 
between  the  participants.  The  information  presented  is  a  compilation  of  the  reports  on  data  uncertainty 
from  the  different  facilities,  given  as  Refs. 5-11.  Comparison  of  the  facility  measurement  uncertainty 
estimates  with  test  data  results  is  contained  in  the  main  report  of  the  Working  Group  (Ref.  12). 


TEST  PROGRAMlif 


Two  engines  were  made  available  for  the  programme  and  it  was  intended  that  both  would  be  tested  in 
each  of  the  participating  facilities  thus  providing  a  back-up  in  the  event  of  failure  of  one  engine. 
However,  restrictions  on  facility  availability  resulted  in  only  one  engine  being  tested  in  the  altitude 
facilities  at  CKPr  and  kAE(P)  and  one  on  the  ground  level  bed  in  Turkey  and  at  N'APC. 

Due  to  a  higher  priority  workload  it  did  not  prove  possible  to  undertake  testing  at  NAPC  until  after 
the  other  I'l'TP  tests  had  been  completed  and  the  major  part  of  this  Report  compiled.  For  this  reason  the 
NAPC  uncertainty  results  are  reported  separately  in  Appendix  II,  and  are  not  discussed  in  this  report. 

The  chronological  order  of  testing  and  the  types  of  test  are  shown  in  Table  2-1: 

TABLE  2-1  -  t'ETP  TEST  CHRONOLOGY 

FACILITY  ALTITUDE  GROUND  LEVEL 

ENGINE  807594  615037  607594  6150  V 

NASA- (FE)  “US  J  T  NT  NT 

A  EDO  US  T  T  NT  NT 

NRCC  ( FE)  Can  NT  NT  T  T 

CEPr  Fr  T^  NT  T  T 

RAE  (P)  UK  T  NT  NT  NT 

TUAF  TU  NT  NT  NT  T 

RAF.  (P)  UK  T  NT  NT  NT 

NASA  (SE)  US  T  T  NT  NT 

NRCC  (SE)  Can  NT  NT  T  T 

NAPC  US  NT  NT  NT  T 

* 

T  *■  Tested  NT  =  Not  Tested  T  =  Tpst  Aborted 

FE  *  First  Entry  (first  test  series)  SE  =  Second  Entry  (second  test  series) 


i  ?.J  Test  Article 

Two  J57-19W  non-af f erhurning  turbojet  engines,  were  furnished  by  the  US  Air  Force  lor  the  UFTP,  with 
serial  numbers  P607594  and  F6I5037.  The  basic  J5/  engine  is  a  two  spool  axial  flow  machine  with  a  nine- 
stage  low  pressure  compressor,  seven  stage  high  pressure  compressor,  cannular  combustor,  single  stage  high 
pressure  turbine,  two  stage  low  pressure  turbine  and  fixed  convergent  nozzle  with  a  tail  cone  extending 
through  the  nozzle  exit  plane.  The  only  variable  geometry  features  are  the  intercompressor  on/off  bleed 
which  discharges  air  overboard  during  starting  and  low  power  operation  and  the  aerodynamical ly  coupled 
spools.  This  limited  variable  geometry  ensured  better  repeatability  of  performance  than  would  be  the  case 
with  mechanically  controlled  variable  incidence  vanes  and/or  exit  nozzle.  The  engine  was  of  a  size  which 
made  it  acceptable  for  tests  in  tie  facilities  under  consideration.  The  fact  that,  by  modern  standards,  it 
is  of  modest  aero-thermodynamic  design  was  of  no  consequence. 

The  tz! leone  on  the  standard  J57  engine  extends  through  the  nozzle  exit  plane  and  it  was  felt  that 
this  arrangement  would  make  it  difficult  to  determine  with  sufficient  accuracy  the  nozzle  flow  and  thrust 
coefficients,  parameters  considered  to  he  of  prime  importance  in  establishing  engine  performance. 

i 
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Accordingly  the  standard  nozzle  was  replaced  by  a  cylindrical  tailpipe  and  a  convergent  nozzle,  fabricated 
by  rolling  sheet  metal,  to  provide  a  more  uniform  nozzle  profile  as  well  as  providing  a  more  suitable 
platform  for  the  pressure  and  temperature  instrumentation  needed  to  establish  the  nozzle  inlet  conditions. 


2.2  Test  Instrumentation 

The  instrumentation  package  was  divided  into  two  categories:  facility  peculiar,  or  primary 
instrumentation,  and  engine  peculiar  or  referee  instrumentation  (fig.  2.1).  The  primary  instrumentation 
was  that  used  to  measure  those  parameters  required  to  calculate  inlet  cotal  airflow,  net  thrust  and 
specific  fuel  consumption  (SPC)  and  pressures  and  temperatures  to  monitor  test  cell  environment  and  engine 
oil  condition.  The  referee  instrumentation  was  used  to  set  test  conditions,  monitor  engine  health,  and 
record  engine  performance  retention.  It  consisted  of  pressure  and  temperature  probes  at  the  engine  inlet, 
combustor  inlet  (high  compressor  discharge),  turbine  discharge,  exhaust  nozzle  inlet,  and  exhaust  nozzle 
trailing  edge.  Referee  instrumentation  also  included  speed  sensors,  turbine  type  fuel  flow  meters  and 
associated  thermocouples,  and  vibration  pickups. 

Special  attention  was  directed  to  the  measurement  of  the  total  pressure  and  temperature  at  the 
compressor  inlet  (Station  ?.)  and  the  static  pressure  at  the  nozzle  outlet  (Station  0.5)  as  these  parameters 
have  a  critical  influence  on  engine  performance. 

A  special  engine  inlet  bullet-nose  was  manufactured  and  used  in  conjunction  with  an  instrumentation 
spool  piece  which  contained  an  array  of  cotal  pressure  rakes,  temperature  rakes  and  boundary  layer  probes. 
These  provided  20  mainstream  total  pressure  measurements,  10  mainstream  total  temperature  measurements 
with  16  and  10  probes  measuring  the  total  pressures  in  the  boundary  layers  adjacent  to  the  outer  and  inner 
walls  respectively  of  the  inlet  annulus.  Details  of  the  location  of  the  rakes  and  probes  are  given  in 
Figure  4  on  Page  9?  of  Reference  l. 

PAM  ft  was  measured  using  probes  attached  to  the  outside  of  the  nozzle  at  Static*!:  0.5.  Details  of  the 
probes  arri  their  location  are  given  in  Ref.l.  Instrumentation  was  provided  at  the  high  pressure  compressor 
discharge.  This  instrumentation  provided  data  for  some  of  the  component  performance  calculations. 

The  locations  foi  the  majority  of  the  instruments  are  shown  schematically  in  Figure  ?-! .  The 
numbering  system  tnied  to  identifv  internal  engine  stations  is  in  general  agreprent  with  SAF  ARl  755A 
recommendations  and  1c  not  the  one  traditionally  assigned  to  this  engine. 


ENGINE  INSTRUMENTATION  STATION  LOCATIONS 


NUMBER  OF  MEASUREMENTS 
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I’ETP  Engine  Referee  Instrumentation 


Test  Conditions 


2.3,1  Altitude  Testing 

In  an  altitude  facility  it  is  possible  to  vary  independently  the  three  major  parameters  affecting 
engine  performance  -  inlet  total  pressure,  inlet  total  temperature  and  ram  ratio. 

When  choosing  the  matrix  of  test  conditions  for  the  UETP,  it  was  decided  to  vary  each  of  these  major 
parameters  in  turn  while  keeping  the  other  two  constant.  In  this  way  the  effects  of  each  on  the  engine 
performance  could  be  examined. 

The  range  of  conditions  selected  was  to  a  large  extent  determined  by  the  capabilities  of  the 
participating  facilities,  but  it  was  agreed  that  it  was  desirable  co  cover  as  wide  a  range  as  possible. 
Accordingly  the  following  conditions  were  chosen: 

TABLE  2-2  -  L'ETP  TEST  CONDITIONS 
(Extract  from  Table  III  of  Refererce  1) 


TEST 

CONDITION 

TN'LET 

TOTAL 

PRESSURE 

INLET 

TOTAL 

TEMPERATURE 

PAM  RATIO 

KPa 

K 

1 

82.7 

253 

1.00 

2 

82.7 

268 

1.00 

3 

82.7 

288 

1.00 

4 

82.7 

308 

1.00 

5 

82.7 

288 

1 .06 

6 

82.7 

288 

1.3C 

7 

51.7 

288 

1.30 

8 

34.5 

288 

1.30 

9 

20.7 

288 

1  .30 

|0* 

82.7 

288 

1.7C 

II 

101.3 

288 

1.00 

Optional  sea  level  static  test  condition  for  altitude  facilities 

It  will  be  seen  that  conditions  1,  2,  3  and  4  examine  Che  effect  of  inlet  temperature;  conditions  6, 
7,  8  and  9  the  effect  of  inlet  pressure  and  conditions  3,  5,  6  and  10  the  effect  of  ram  ratio. 

At  each  test  condition  data  scans  were  taken  at  nine  engine  power  settings  approximately  equally 
spaced  between  the  engine  power  settings  for  "bleeds  just  closed"  to  Military  power.  The  speeds  used  are 
given  in  Reference  l,  they  generally  varied  from  87  to  96Z  for  HH  and  85  to  100"  for  NL.  The  test  sequence 
for  the  nine  power  settings  was  chosen  to  reduce  the  effect  of  hysteresis  and  thermal  equilibrium  effects; 
it  is  graphically  represented  in  fig. 2-2. 


Fig.  2.2  Power  Setting  sequence 

When  approaching  each  setting  the  throttle  lever  was  moved  slowly  towards  the  throttle  position  where 
the  required  speed  was  expected  to  be  achieved  and  the  engine  allowed  to  stabilise.  The  set  speed  had  to 
be  within  *  25  rpm  of  the  desired.  In  going  between  two  set  speeds,  the  throttle  direction  was  not  allowed 
to  change.  In  the  event  of  a  speed  overshoot  outside  the  tolerance  band,  the  throttle  setting  was  backed 
off  approximately  100  rpm  (appr  one  Z)  and  the  speed  reset. 


At  each  power  setting  two  data  scans  were  obtained.  The  intent  was  to  obtain  stabilised  engine 
aerodynamic  performance  (le.  stabilised  gas  path).  It  was  experimentally  established  chat  stabilised 
performance  could  be  assessed  after  five  minutes  at  set  conditions  for  the  initial  data  scan  and  after  two 
minutes  for  the  repeat  data  scan.  Tests  to  confirm  these  values  are  described  in  Ref. 12). 


2.3.2  Ground  Level  Testing 

For  ground  level  testing,  two  regions  of  engine  operation  were  specified. 

a.  Engine  power  settings  from  the  'bleeds  just  closed'  speed  to  mil  power  (ie.  same  as  for  the  altitude 
facilities) . 

b.  Engine  power  settings  from  the  'bleeds  just  open*  speed  to  idle  power. 

As  ground  level  test  beds  do  not  have  environmental  control,  the  engine  power  settings  had  to  be 
established  for  the  test  temperature.  For  the  high  power  region,  values  of  HH  were  established  for  bleed 
valve  closed  and  all  power.  By  dividing  up  the  test  range  into  8  equal  Increments,  9  values  of  NH  were 
obtained. 
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The  sequence  of  power  settings  was  the  same  as  detailed  In  fig  2.2.  Two  data  scans  after  engine 
stabilisation  were  taken  at  each  test  condition,  for  the  low  power  region,  the  speed  range  between  idle 
and  bleed  valve  closure  was  also  divided  up  into  9  equally  spaced  values  of  NH  and  the  power  settings 
sequenced  in  the  same  manner  as  for  the  high  speed  range. 


2.4  Data  Scan  Changes  During  Testing 

At  each  Test  Condition  it  was  planned  that  a  total  of  18  data  points  would  be  obtained  (ie  two  data 
scans  at  each  of  the  nine  power  settings).  The  actual  number  of  data  points  used  at  each  test  facility 
when  analysing  the  test  results  is  presented  in  Table  2-3.  Variations  from  the  plan  were  the  results  of 
differing  facility  practices,  facility  limitations  or  identified  data  faults. 

TABLE  2-3  NUMBER  OF  DATA  POINTS  USED  FOR  ANALYSIS 
a)  Engine  S/N  607594 


Planned  Accual  Data  Points 


Test  Condition 

Data  Points 

NASA(FE) 

AEDC 

NRCC 

CLPr 

RAE(P) 

Tl’AF 

1 

18 

18 

17 

18 

9 

_ 

2 

18 

18 

- 

18 

9 

- 

3 

- 

16 

- 

16 

8 

- 

4 

18 

16 

- 

16 

18 

- 

5 

18 

18 

- 

15 

9 

- 

6 

18 

18 

- 

17 

9 

- 

7 

18 

19 

- 

18 

9 

- 

8 

20 

18 

- 

18 

9 

- 

9 

18 

18 

- 

18 

17 

- 

10 

19 

16 

- 

18 

9 

- 

11 

- 

18 

18 

!  8 

- 

- 

b)  Engine  S/N  615037 


Planned 

Actual  Data 

Points 

Test  Condition  Data 

Points 

NASA(FE) 

AEDC 

NP.CC 

CtPr 

RAE(P) 

TUAF 

I  18 

18 

17 

- 

- 

- 

2 

18 

18 

- 

- 

- 

- 

3 

20 

17 

- 

- 

- 

- 

4 

17 

17 

- 

- 

- 

- 

5 

17 

18 

- 

- 

- 

- 

6 

18 

16 

- 

- 

- 

- 

7 

21 

17 

- 

- 

- 

- 

8 

18 

18 

- 

- 

- 

- 

9 

18 

18 

- 

- 

- 

- 

10 

19 

18 

- 

- 

- 

- 

11 

- 

18 

16 

16 

- 

16 

2.5  Measurement  Uncertainty 

The  GTP  (Ref.  1)  specified  that  each  participant  provide  on  estimate  of  sreadv-stace  measurement 
uncertainty  for  engine  airflow,  net  thrust  and  specific  fuel  consumption  at  Test  Condition  11  (Refer  to 
Table  2  -2)  for  ground-level  facilities,  and  Test  Conditions  3  and  9  (Table  2  -2)  for  altitude  facilities. 

It  should  he  noted  that  all  measurements  considered  in  this  report  are  steady-state.  During  the  course  of 
the  UETP,  the  Uncertainty  Sub-Group  expanded  these  requirements  to  include  Test  Condition  6  (Table  2-2) 
for  altitude  facilities  and  uncertainty  estimates  for  basic  measurements  (i.e.,  speeds,  pressures,  tempe¬ 
ratures).  Measurements  uncertanties  for  each  test  condition  were  estimated  at  approximately  the  mid-thrust 
point . 


3  UNCERTAINTY  METHODOLOGY 
3. 1  Introduction 

The  General  Test  Plan  (ref.l)  requires  each  participant  to  provide  a  pro- test  estimate  of  measurement 
uncertainty  using  the  methodology  developed  by  Dr.  R.B.  Abernethy  and  J.W.  Thompson  (ref. 2).  Tn  this 
Section  of  this  report  an  overview  of  the  Abernethy  methodology  as  applied  to  the  UETP  is  presented, 
including  material  from  ref. 2)  and  some  of  his  later  work  (ref. 13).  In  addition  Che  practices  in  use  by 
some  of  the  participants  are  mentioned.  Appendix  III  and  IV  list  the  nomenclature  and  terminology  used  in 
uncertainty  work. 

Pre-test  estimates  of  uncertsinty  are  usually  based  on  contributions  to  the  overall  errors  determined 
from  previous  test  programs,  which  then  are  used  in  a  combination  which  can  be  unique  for  the  test  under 
consideration.  A  part  of  the  test  data  analysis,  which  can  he  done  during  or  after  the  test,  is  to  check 
whether  the  errors  conform  to  the  pre-tent  estimate  and  to  calculate  the  post-test  estimates  of  uncertaint 
at  the  target  point  values. 
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3.2  Error  Types 

Definition  of  the  measurement  process  is  a  prerequisite  to  determining  measurement  uncertainty 
estimates.  A  Defined  Measurement  Process  (DMP  See  Appendix  IV,  Glossary)  consists  of  the  procedure  used  to 
arrive  at  a  desired  test  result  identifying  all  measurements  involved  Including  calibration  of  all 
instrumentation  and  Installed  systems.  In  making  the  uncertainty  analysis,  all  the  elemental  errors  which 
affect  the  DMP  must  be  identified. 

In  ref  2,  elemental  error  sources  are  classified  as  either  precision  (random)  errors  or  Mas  (fixed) 
errors.  Using  this  criterion,  any  errors  which  vary  in  the  DMP  are  classed  as  precision,  while  fixed 
eriors  are  bias.  This  criterion  then  has  the  consequence,  that  errors  may  change  class  according  to  the 
DMP  used  to  define  the  uncertainty  estimates. 

For  the  UETP,  different  DMP's  were  employed  by  each  of  the  test  facilities  to  make  pre-test 
predictions,  test  assessment  and  post-test  analysis.  For  Instance,  the  RAE(P)  DMP  covers  the  uncertainty 
predictions  and  assessment  of  a  single  engine  performance  curve  fitted  (by  least  squares)  to  the  test 
results  for  the  nine  engine  power  settings  at  a  specified  test  condition.  PAE(P)'s  estimated  Precision 
Index  is  then  based  on  the  predicted  data  scatter  that  will  occur  about  a  curve  fit  through  the  nine  power 
settings.  The  predicted  Precision  Index  is  then  verified  by  a  post-test  determination  using  a  third  order 
curve  fit  through  the  test  data  and  observing  the  residual  standard  deviation  about  the  curve  fit.  Using 
the  RAE(P)  DMP,  differences  between  a  collection  of  curves,  representing  different  test  conditions  and 
day-to-day  variations  are  classified  as  bias. 

In  contrast,  the  DMP  used  at  AEDC  for  the  UETP  is  based  on  the  results  of  the  overall  measurement 
program  for  a  given  installation.  Therefore  estimates  of  the  Precision  Index  at  AEDC  reflect  the  variation 
in  the  test  results  at  the  mid  thrust  point,  at  a  specified  test  condition  for  a  given  measurement  system 
and  test  Installation  and  also  Includes  the  variations  that  would  result  from  day  to  day  tests. 

The  above  error  types  remain  after  the  measuring  process  has  been  carried  out  as  well  as  man  can  do 
it;  i.e.  mistakes  and  malfunctions  (like  leakage)  have  been  eliminated.  This  elimination  can  be  done  by 
careful  control  that  the  right  calibrations  have  been  used  and  comparing  redundant  instruments  or 
measurements,  which  in  general  requires  a  post-test  analysis.  In  the  following  Sections  definitions  of 
Precision  Error,  Bias  Error  and  Uncertainty  Interval  are  adapted  from  Ref.?  and  13. 


3.2.1  Precision  (or  Random)  Error 

Precision  Error  is  seen  in  repeated  measurements  of  a  single  value.  Measurements  do  not  and  are  not 
expected  to  agree  exactly.  There  are  always  numerous  small  effects  which  cause  disagreements.  The 
variations  between  repeated  measurements  within  one  DMP  can  be  quantified  by  the  Precision  Index  or  Sample 
Standard  Deviation 

S  -  /(Hxj-iOVCN-l)) 

where  x  is  the  average  value  of  N  individual  measurements  in  the  sample.  (See  Appendix  IV,  Glossary). 


3.2.2  Bias  (or  Fixed)  Error 

The  second  error  component  is  the  systematic  error,  which  is  constant  for  repeated  measurements  and 
can  only  be  determined  by  comparison  with  the  true  value  of  the  quantity  measured.  This  is  normally 
impossible  within  a  single  DMP,  but  the  tests  can  be  arranged  -  possibly  in  different  DMP's  -  to  provide 
some  bias  information.  Examples  are: 

a)  Interlab  and  interfacility  tests  on  measurement  devices,  test  rigs,  and  full  scale  engines. 

b)  Special  comparisons  of  (lab)  standards  with  the  measuring  instruments  during  the  test,  eg 
incorporating  a  standard  in  the  scanning  cycle. 

c)  Employing  redundant  instruments  or  measuring  techniques. 

barge  differences  can  usually  be  attributed  to  a  mistake  but  this  progressively  gets  more  difficult  as  the 
size  of  the  difference  reduces.  Hence  one  tends  to  be  left  with  small  unexplained  differences,  which 
constitute  part  of  the  bia6  limit.  Theie  can  be  common  bias  elements  in  the  DMP's  compared  at  any  one 
facility,  which  may  or  may  not  be  found  by  interfacility  comparison. 


3.2.3  Combined  Error 

For  comparison  of  measurement  results  a  single  number  is  desirable  to  express  a  reasonable  error 
limit.  This  must  be  a  relevant  combination  of  bias  and  precision.  The  latter  value  is  a  statistic,  which 
lends  itself  to  the  calculation  of  confidence  limits,  within  which  the  actual  value  can  he  reasonably 
expected  to  lie  in  the  absence  of  bias  error.  It  is  however  impot.sibie  to  define  a  single  rigorous 
statistic  for  the  total  error,  because  bias  is  an  upper  limit,  which  has  unknown  characteristics,  and  is 
to  some  extent  dependent  on  engineering  judgment.  A  working  solution  in  given  in  Section  3.5. 


3.3  Error  Evaluation 
3.3.1  Data  Sequence 

Basically  a  single  measuring  chain  stretches  from  flow  field  via  probe  and  connecting  line  to  the 
transducer,  and  from  there  usually  via  an  electric  line  -  sometimes  pre-ampli f ied  -  to  multiplexer, 
amplifier  and  signal  conditioner  to  be  recorded.  Afterwards  the  signal  is  played  back,  an  instrumental 
calibration  applied,  and  a  number  of  single  measurements  combined  to  determine  a  value  representative  for 
the  flow  field,  usually  by  averaging  in  space  and/or  time.  These  Basic  Measurements  are  then  used  to 
calculate  the  Engine  Performance  Parameters  (EFP) ,  which  are  In  referred  form  and  constitute  the  end 
product  of  the  measurement,  e.g.  WAIRD  ■  Wa/o7T7 
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Each  dependent  EPP  can  be  given  as  a  function  of  (i.e.  correlated  against)  an  Independent  parameter 
which  can  be  chosen  at  will  (usually  RPM  or  EPR).  For  comparison  either  within  or  between  facilities  it  is 
necessary  to  determine  each  dependent  parameter  for  one  value  of  the  Independent  parameter.  This  requires 
an  interpolation  procedure,  as  it  is  not  possible  to  set  the  exact  test  condition  and  engine  power. 


3.3,2  Error  Propagation 

Each  step  in  the  above-mentioned  data  sequence  contributes  to  the  overall  data  error  in  its  own 
specific  way,  which  is  treated  below. 

The  first  step  is  to  assess  the  elemental  errors,  organized  in  four  error  categories  (see  3.4.1)  for  both 
bias  and  precision,  in  a  separate  table  for  a  single  measurement  of  each  basic  physical  parameter  FS,  WF, 
P2  etc.,  keeping  bias  limits  8^  and  precision  indices  S  strictly  apart.  These  are  combined  by 
Root-Sum-Square  (RSS)  addition  to  give  the  total  B  and  S  values  for  each  single  measurement.  An  important 
condition  required  to  justify  RSS  combination  is  that  each  item  must  be  Independent. 

Once  the  elemental  errors  have  been  estimated  for  each  single  measurement  they  can  then  be  combined 
to  obtain  the  B  and  S  values  of  the  average  or  the  effective  flow  field  value  called  a  Basic  Measurement. 
The  resulting  error  estimate  is  further  discussed  in  3.4.2. 

The  next  step  is  to  propagate  B  and  S  separately  for  each  basic  measurement  to  the  final  performance 
parameter.  This  is  done  by  multiplying  the  B  and  S  values  by  the  appropriate  Influence  Coefficient  (IC). 
The  overall  effect  on  the  performance  result  is  found  by  RSS  addition.  (See  chapter  3.4.3.). 

Thus  B(perf.  param)  -  /(iflC^  *  bTT2) 
and  S(  "  "  )  -  /STTcJ  *  s:!F7 

Only  after  the  last  step  can  a  combined  uncertainty  be  determined,  as  is  indicated  in  Section  3.5. 
Schematically  the  Error  Propagation  proceeds  as  follows;  each  step  is  detailed  in  the  Sections  3.4.1  to  .4 

1)  elemental  errors  in  the  determination  of  the  basic  physical  parameters: 
pressure,  temperature,  force,  length  and  time 

2)  errors  in  the  determination  of  the  Basic  Measurements  which  define  the  effective  values  in  the  engine 
(sampling  and  averaging) 

3)  Influence  Coefficients  to  determine  the  combined  effect  on  the  engine  performance  parameters 

4)  Curve  Slope  effect  to  determine  the  error  in  an  engine  performance  parameter  when  read  from  a  curve 
at  a  chosen  value  of  the  independent  variable,  which  itself  is  not  error-free.  This  has  to  be  done 
with  care,  as  both  parameters  may  contain  common  sources  of  error  and  the  error  items  are  not  then 
independent . 

5)  determination  of  the  uncertainty  by  combining  bias  and  precision  values. 


3.4  Error  Sources 

3.4.1  Elemental  Error  Sources 

The  Abernethy/Thompson  method  described  in  Ref. 2  details  the  evaluation  of  the  elemental  errors. 
Basically  the  elemental  errors  of  a  single  measuring  chain  can  be  separated  in  four  groups  as  follows: 

a)  Calibration  Hierarchy 

b)  Data  Acquisition 

c)  Data  Reduction 

d)  Other  Effects  e.g.  Non-Instrument  Effects,  Errors  of  Method,  Sensor  System  Errors,  Spatial  Profile 
Sampling  etc. 

Tn  conducting  the  elemental  error  audit  i'oT  the  UETP  it  was  found  that  the  error  groups  defined  above 
were  too  general  in  scope  for  the  purpose  of  conducting  a  detailed  assessment  of  the  facility  measurement 
uncertainties.  Instead  it  was  necessary  to  define  error  subgroups  for  each  of  the  test  facility  basic 
measurement  systems.  For  instance,  in  defining  force  measurement  elemental  errors,  the  error  group 
"Calibration  Hierarchy"  was  subdivided  into  load  cell  laboratory  calibration  errors  and  test  cell  system 
in-place  calibration  errors.  The  error  group  "Other  Effects"  was  subdivided  into  installation  errors, 
environmental  errors  and  probe  errors.  The  UETP  elemental  error  groups  along  with  a  definition  of  each 
error  source  are  presented  in  Tables  3-1  through  3-6.  The  general  definitions  of  the  elemental  error 
sources  are  given  below. 

a)  Calibration  Hierarchy  traces  the  possible  instrument  error  back  to  the  Notional  Standard,  usually  in 

steps  via  a  Working  Standard,  a  Laboratory  Standard  and  a  Transfer  Standard.  In  each  step  the  original 
bias  of  the  instrument  is  removed  by  the  calibration  and  replaced  by  the  (smaller)  combination  of 
systematic  error  of  the  reference  instrument  and  the  random  error  of  the  comparison. 

The  random  error  of  the  calibration  process  gives  an  uncertainty  in  the  average  of  t95*S//n,  which  is 
fossilized  into  a  systematic  error.  This  approach  permits  determination  of  part  of  the  bias  error  of 
the  calibration  hierarchy  in  a  statistical  manner,  except  for  effects  like  long-term  stability  of  the 
Interim  standards,  which  require  a  certain  amount  of  engineering  judgement  to  translate  into 
measurement  errors.  When  several  calibrations  are  relevant  the  calibration  process  contributes  both  a 
systematic  and  a  random  error  to  the  final  test  result.  With  enough  (i.e.  more  than  30)  points  in  the 
calibration  the  95Z  confidence  limit  (t95)  of  the  resulting  error  due  to  scatter  assumes  the 
numerical  value  of  twice  the  RMS  value;  with  fewer  points  the  Welch-Satterthwaite  formula  (see  Ref. 2) 
has  to  be  used  to  calculate  the  combined  t95  value. 

When  successive  calibrations  differ  more  than  ♦  t95  *  S/t'n  it  is  wise  to  analyse  the  history  of  a 
number  of  calibrations.  If  a  systematic  variation  occurs  with  parameters  like  ambient  temperature  or 
instrument  age  this  could  be  taken  into  account  in  the  calibration,  but  usually  the  effect  is  random 
and  therefore  can  only  be  assigned  to  precision  error.  One  source  of  random  error  is  caused  by  the 
Instrument  manufacturer  already  having  compensated  for  the  average  temperature  sensitivity  in  the 
design  of  the  instrument.  Variation  of  the  outcome  of  this  compensation  network  can  introduce 
day-to-day  errors;  this  can  often  be  reduced  by  keeping  the  instrumentation  system  switched  on  day 
and  night  throughout  the  test. 


b)  Data  Acquisition  errors  can  be  caused  by  slight  variations  in  exciter  voltage,  outside  influences  on 
data  transmission  and  on  the  transducer,  signal  conditioning  and  recording.  The  first  three  items 
cause  non-repeatability.  Another  factor  is  sensor  hysteresis;  this  usually  depends  on  the  measuring 
range  and  could  be  reduced  if  the  sensor  is  only  calibrated  over  the  minimum  range  and  if  the 
measuring  history  is  known.  It  could  then  be  classified  as  bias.  Usually  this  is  not  a  practical 
proposition,  anyway  with  modern  instruments  hysteresis  is  small. 

The  way  the  test  is  executed  could  introduce  hysteresis  or  a  bias  through  the  engine,  but  that  should 
be  apparent  in  a  systematic  variation  of  the  measuring  points  at  different  power  settings  relative  to 
the  curve  fit.  This  effect  will  be  discussed  in  Section  6.6. 

Recording  of  the  output  of  a  single  transducer  is  usually  done  in  a  matter  of  milliseconds  or  even 
less.  To  prevent  aliasing  errors,  high-frequency  components  of  the  signal  have  to  be  eliminated  by  a 
low-pass  filter.  As  this  introduces  some  lag,  a  settling  time  has  to  be  allowed  in  the  case  chat  a 
number  of  pressure  probes  is  multiplexed  on  to  a  single  transducer.  Usually  the  tube  transient  -  in 
the  case  of  multiplexed  pressure  channels  -  can  be  made  negligible  by  using  a  low-volume  transducer 
which  is  close-coupled  to  the  scanning  valve.  Of  course  overall  faster  sampling  is  possible  if  each 
channel  Is  allocated  to  a  separate  transducer.  If  a  low  frequency  variation  is  present,  it  is 
desirable  to  record  a  number  of  scans  and  average  the  results. 

c)  Data  Reduction  errors  consist  of  resolution  error  and  calibration  curve  fit  errors  and  can  usually  be 
made  negligible,  compared  with  the  other  categories.  An  error  of  half  the  biggest  error  elsewhere 
only  contributes  103  to  the  overall  error  when  added  RSS;  therefore  it  is  not  effective  to  use 
extreme  resolution  in  the  computational  hardware  and  software.  Calibration  curve  fit  errors  can  be 
minimized  by  choosing  the  appropriate  functional  relationship,  qualified  by  visual  and  numerical 
Inspection. 

When  a  higher  than  second  order  curve  fit  is  used  it  is  important  that  the  calibration  points  are 
spaced  evenly,  otherwise  the  densely  populated  part  may  introduce  a  calibration  bias  in  the  sparsely 
populated  part. 

d)  Other  Effects,  Non-Instrument  effects  or  Sensor  System  errors  (including  Errors  of  Method,  Ref.1%) 
are  difficult  to  separate  and  as  such  are  open  to  different  interpretations.  In  general  they  are 
concerned  with  the  interaction  between  the  medium  and  the  measuring  chain.  This  is  the  case  for  design 
and  fabrication  of  probes  and  hole  patterns,  which  renders  a  measured  pressure  sensitive  to  flow 
angle. 

Internal  flow  is  nearly  always  non-uniform,  both  in  space  and  in  time,  and  not  necessarily  the  same 
in  different  installations.  This  can  give  a  bias  error  even  when  using  the  same  referee 
instrumentation,  both  for  pressure  and  temperature.  A  possible  Error  of  Method  is  constituted  by  the 
assumption  that  static  pressure  is  constant  over  the  flow  area  of  the  parallel  section  of  the  inlet, 
where  total  pressure  is  measured. 

The  mechanics  of  the  thrust  stand  can  introduce  bias  and/or  precision  errors  -  notably  in  the  thrust 
stand  zero  -  which  can  not  be  determined  exactly,  not  even  in  an  end-to-end  calibration  as  the 
conditions  with  a  running  engine  are  different  from  the  calibration.  The  transducer  zero  can  be 
checked  raid-run  by  taking  up  the  load  separately,  but  the  thrust  stand  zero  can  only  be  checked  in 
quiescent  conditions.  Pre-test  and  post-test  zero  are  different,  and  it  is  usually  assumed  -  but 
without  true  justification  -  that  the  test  zero  lies  in  between. 

Length  and  time  can  generally  be  measured  very  accurately,  but  when  determining  flow  area  the  metal 
temperature  must  be  known  as  well  to  compensate  for  growth.  Engine  speed  and  fuel  flow  depend  on  time 
measurement,  but  can  be  influenced  by  pulse  shape  and  the  fuel  flow  pulse  rate  by  residual  swirl  in 
the  fuel  pipes  after  turning  a  corner,  if  turbine  type  meters  are  used.  Fluid  flow  codes  recommend 
10-20  diameters  of  pipe  straight  section  upstream  and  downstream  of  the  flow  meter,  and  preferably 
calibration  in-sltu,  but  discrepancies  still  exist.  Determination  of  fuel  proportles  (lower  heating 
value  and  specific  gravity)  can  introduce  errors  of  0,3  to  17  because  of  reproduceability  and 
repeatability  of  evaluation  methods  (ref.  1?  App  VII). 

3.4.2  Basic  Measurement  Frror 

Basic  Measurements  consist  of  the  effective  values  ot  pressures  and  temperatures,  rotor  speeds,  futl 
flow  and  scale  force  i.e.  the  input  parameters  required  for  the  engine  performance  calculations.  The 
existence  of  time  and  spacially  dependent  pressure  or  temperature  profiles  across  a  duct  makes  it 
impractical  to  measure  the  exact  mean  value  that  determines  engine  performance,  because  that  would  require 
too  many  probes  whicli  would  block  the  flow.  Hopefully,  a  compromise  can  be  achieved,  that  -  while  not 
being  exactly  thermodynamically  correct  -  is  sufficiently  reproduceable  to  allow  engine  performance  to  be 
determined  with  minimum  variation.  The  uncertainty  of  effective  pressure  or  temperature  values  obviously 
decreases  with  the  number  of  probes.  Although  the  precision  component  of  the  error  decreases  with  l//n, 
this  should  not  only  be  related  to  the  -  more  or  less  known  -  transducer  error,  also  the  unknown  pattern 
variation  must  be  taken  into  account.  More  about  these  aspects  is  given  in  Section  4.1. 

Failure  of  any  probe  in  a  multiple  probe  sensor  Bystem  can  alter  the  effective  average  value;  this 
may  specifically  be  noticed  in  the  jetpipe,  where  profiles  are  pronounced  and  the  chance  of  failure  high. 

A  four-rake  system  was  used  in  the  UETP,  which  was  located  behind  the  8  spokes  that  tlx  the  turbine  bullet 
and  rear  bearing.  Any  failed  probe  value  will  be  interpolated  between  the  neighbouring  probe  values;  extra 
rake  arms  were  manufactured  to  replace  arms  with  too  many  failed  probes.  The  interpolation  procedure  used 
by  each  facility  is  documented  in  Ref  12  App.  VI. 
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3.4.3  Influence  Coefficients 

The  General  Test  Plan  (Pef.l)  gives  the  standard  equations  used  to  calculate  engine  performance 
parameters  from  the  basic  measurements.  The  influence  of  an  error  in  any  basic  measurement  on  the  outcome 
can  be  determined  either  by  Tavlcr  series  expansion  or  numerically  by  perturbating  the  equation  for  a 
difference  in  that  parameter,  keeping  all  other  parameters  constant  at  their  nominal  value.  The  latter 
method  Is  preferred  when  used  with  data  reduction  software  because  it  accounts  for  implicit  as  well  as 
explicit  funtional  relationships.  The  resulting  influence  coefficient  is  usually  expressed  as  a  percentage 
variation  of  the  calculated  perioroance  parameter  (P)  for  a  one  percent  deviation  of  a  single  input 
parameter  (1). 

Influence  Coefficient  IC  -  (AP/P) ((.M/l) 

If  the  perturbation  is  small,  non-linearity  effects  will  be  insignificant  -  but  of  course  the  value  of  the 
influence  coefficient  will  vary  over  the  operating  range  of  the  performance  parameter  and  Is  therefore  a 
function  of  engine  power  and  test  condition. 

The  bias  and  precision  variation  of  the  performance  parameter  can  be  determined  by  adding  the  product 
IC*AI/l  Root-Sum-Square  for  all  input  parameters  which  appear  in  the  equation;  this  must  be  done 
separately  for  bias-  and  precision  errors  to  determine  those  values  for  the  performance  parameters. 
Examples  for  a  typical  test  are  given  for  the  input  parameters  in  Table  5-1.  Since  influence  coefficients 
depend  on  several  factors  including  the  hardware  installation  and  measurement  configuration,  direct 
comparison  between  facilities  is  not  possible. 


3.4.4  Curve  Shift  Effect 


When  comparing  the  value  of  an  engine  performance  parameter  (y)  »  which  Is  a  dependent  variable,  - 
either  within  the  facility  or  between  facilities  -  it  is  necessary  to  read  it  from  curves  at  a  chosen 
value  of  an  Independent  variable  (z).  The  engine  type  has  been  selected  to  have  only  one  independent 
variable  at  a  fixed  flight  condition,  but  any  variable  in  the  engine  can  be  chosen  as  this  basis.  Usually 
either  NL//0.;  NH//0-  or  EPR  are  taken;  different  engine  manufacturers  have  different  preferences,  also 
the  selection  is  dependent  on  the  engine  type.  Any  uncertainty  in  the  chosen  independent  variable 
translates  into  a  discrepancy  Ay  in  the  performance  curve  (even  though  it  has  no  effect  on  the  indiviual 
y-values).  The  mechanism  is  Illustrated  in  Fig.  3.1,  in  terras  of  bias  limits. 

Biases  propagated  directly  to  the  Y-axis,  shown  as  route  P  ,  are  calculated  by  standard  Abernethy 

methology: 

By, direct  '  ^  [“xl  SF1 

h. 

where  3x  are  the  Influence  Coefficients.  Similarly,  biases  propagated  to  the  Z-axis,  shown  as  route 
Q  ,  are  calculated  as: 
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The  &£ /aCue-s  do  not  affect  the  y-value  of  points  on  the  graph,  but  they  do  affect  t  ie  position  of  the 
fitted  curve  by  shifting  the  points  horizontally.  Thus  the  y-value  of  the  curve  is  given  an  extra  bias, 
within  the  limits  dependent  on  the  slope  (dy/dz): 


B 

y 


, indirect 


B 

z 


dy 

dz 


3z  dy 
xi  3x  ’  <!z 


T 

) 


The  total  bias  limits  of  the  curve  are  therefore: 


total  B  -  \/B2  +  B2  ,  .. 

y  v  y.direct  y, indirect 

Strictly,  a  more  ref ined theory  should  be  used  for  any  Basic  Measurement  that  affects  y  and  z 
simultaneously.  In  practice,  however,  the  above  theory  is  sufficiently  accurate  for  the  UETP. 

As  in  a  twin-shaft  engine  the  percentage  variation  of  ML  la  considerably  larger  than  that  of  Nfl,  the 
curve  olooe  is  less  for  parameters  based  on  NL,  and  with  that  the  resulting  curve  shift  error  is  less.  A 
drawback  is  that  the  relation  between  NL  and  engine  performance  parameters  is  only  direct  for  Air  Mass 
Flow  therefore  ML  Is  not  such  a  good  basis  for  net  thrust  or  SFC,  at  least  not  on  a  turbojet  engine. 

EPR  is  a  better  correlating  parameter  for  that  case,  but  its  measuring  accuracy  is  not  as  good. 

Because  the  RPM-based  curve  shift  effect  is  large,  the  influence  is  often  more  than  that  of  normal 
scatter  or  bias.  If  different  performance  parameters  deviate  in  a  pattern  that  is  related  to  the  different 
curve  slopes,  this  points  to  a  bias  error  in  the  basic  parameter,  that  can  be  traced  that  way.  This  often 
is  the  case  for  temperature  errors.  In  principle  it  is  possible  to  set  up  a  matrix  of  influence 
coefficients  and  solve  it,  using  a  Maximum  Likelihood  Solution  approach.  This  method  is  extensively 
documented  (ref.  15),  but  it  is  too  complicated  to  set  up  for  a  single  case  and  therefore  it  was  not  used 
in  UETP. 


3.5 


Estimated  Uncertainty. 


It  was  mentioned  before  that  a  single  rigorous  statistic  for  the  total  error  cannot  be  given,  because 
bias  is  an  upper  limit,  often  based  on  judgment,  which  has  some  unknown  characteristics.  Usually  the  more 
or  less  arbitrary  standard  of  bias  plus  a  multiple  of  the  precision  index  Is  used: 

V  -  B  +  t95  *S 


in  which  t95  is  the  95th  percentile  point  for  the  two-tailed  Student's  "t"  distribution,  defining  the 
limits  within  which  952  of  the  points  are  expected  to  lie  in  the  absence  of  Mas  error.  If  the  predicted  S 
is  determined  from  a  Large  number  of  points  (n  >  30)  the  value  t95  -  2.0  can  be  taken;  Monte  Carlo 
simulations  have  shown  that  the  coverage  of  U  is  about  99  percent  (ref. 16).  This  means  that  the  comparable 
engine  performance  parameter  results  from  all  test  conditions  must  be  within  a  band  of  *  U.  If  this  is  not 
the  case  either  a  data  error  exists  or  an  important  aspect  of  the  uncertainty  estimate  has  been 
overlooked.  For  the  UETP  the  comparison  was  made  at  the  target  point,  which  was  the  raid  point  of  the  power 
range. 

The  target  points  for  different  test  conditions  cannot  be  measured  nr  exactly  the  same  value  of  the 
independent  variable  (eg  RPM)  therefore  they  must  first  be  corrected  to  the  target  value  ol'  that 
independent  parameter,  using  the  linear  slope  determined  from  the  results  for  the  relevant  test  condition. 
A  more  accurate  procedure  is  to  determine  the  target  point  from  a  curve  fit  of  the  measurement  results  for 
that  test  condition. 


3.6  Test  Data  Assessment 


Where  the  pretest  uncertainty  analysis  allows  corrective  action  to  be  taken  prior  to  the  test  to 
reduce  uncertainties  when  they  appear  too  large,  the  posttest  assessment,  which  is  based  on  the  actual 
test  data,  is  required  to  refine  the  final  uncertainty  intervals.  It  is  also  used  to  confirm  the  pretest 
estimates  and/or  to  identify  data  validity  problems.  It  can  also  be  made  to  check  for  consistency  if 
redundant  instrumentation  or  calculation  methods  have  been  used  In  the  data  collection  system. 

Using  this  approach  on-line,  outliers  can  be  flagged  and  the  condition  repeated  while  facility, 
engine  and  instrumentation  are  still  running,  thus  saving  time  and  resources.  Comprehensive  error  analysis 
can  of  course  not  be  performed  on-line,  but  the  test  could  be  stopped  if  a  drastic  fault  develops, 
resulting  in  a  minimum  of  wasted  effort.  It  is  important  to  delete  an  outlier  only  after  analysis  and  for 
good  technical  reasons;  the  analysis  may  show  up  otherwise  hidden  faults  in  the  instrumentation  or  in  the 
set-up  of  the  experiment,  or  anomalies  in  the  tejjt  article. 


4  INSTRUMENTATION,  DATA  ACQUISITION  AND  CALIBRATION 
4.1  Instrumentation 

Reference  instrumentation,  consisting  of  inlet  rakes  and  a  modified  tailpipe  with  rakes,  developed  by 
the  first  participant  (NASA  LeRC)  is  detailed  in  the  CTP;  the  Instrumentation  system  travelled  with  the 
engines,  but  each  participant  used  its  own  transducers  (except  for  the  engine  fuel  flow)  and  recording 
system.  Apart  from  the  reference  instrumentation  each  participant  used  its  standard  test  cell 
instrumentation  to  determine  engine  performance,  including  separate  fuel  flow  meters. 

The  main  difference  between  altitude  facilities  and  ground  testbeds  -  apart  from  the  air  conditioning 
installation  -  is  in  the  determination  of  net  thrust.  In  the  former  case  this  includes  a  large  inlet 
momentum  term,  which  requires  knowledge  of  the  air  mass  flow.  Usually  this  is  measured  separately  with  the 
facility  instrumentation  in  a  parallel  section  upstream  of  the  engine.  If  a  narrow  cross-section  is  used 
flow  velocity  is  high,  with  resultant  high  static  depression  and  therefore  good  measuring  accuracy. 

However,  the  possibility  exists  of  degraded  flow  profiles  in  the  diffuser  leading  to  the  compressor 
intake,  which  can  influence  the  result,  as  is  indicated  in  Ref. 12.  In  one  case  (ALDC)  air  mass  flow  was 
determined  with  choked  venturis,  which  give  improved  accuracy. 

Detailed  description  of  the  relevant  installations  of  the  participants  is  given  in  App.  V. 

Determination  of  basic  measurements  entails  averaging  a  certain  panmeter  over  the  flow  cross-section. 
This  tjn  be  done  by  sampling  a  number  of  probes,  esch  connected  separately  to  Its  own  transducer,  by 
mechanically  scanning  or  by  manifolding,  as  is  illustrated  in  fig. 4-1. 

In  most  cases  a  combination  of  sequential  scanning  and  multiplexing  is  used;  the  latter  usually  for  the 
individual  probes  in  a  rake.  Most  facilities  use  mechanical  scanning  for  pressures,  where  a  number  of 
pressure  lines  are  connected  in  sequence  to  a  single  transducer.  RAE(P)  used  electrical  scanning  at  the 
time  of  the  UETP  tesing,  RAE(P)  in  one  case  used  two  transducers  per  tapping  for  the  static  pressure  in 
the  air  meter,  to  further  improve  accuracy  and  estimate  of  instrument  error.  NASA's  first  entry  used 
mechanical  pressure  scanning;  for  the  repeat  test  the  facility  instrumentation  has  been  changed  to 
electrical  scanning.  All  thermocouples  are  of  course  electrically  scanned;  all  facilities  use  duplicated 
instruments  for  determination  of  scale  force  and  facility  fuel  flow.  Reference  fuel  property  tests  were 
done  for  all  facilities  at  NRCC.  (Ref.  12,  App.  VII). 

In  some  cases  the  pressure  scanning  included  a  number  of  calibration  points,  Chat  were  also  measured 
by  a  Working  Standard.  In  this  way  an  on-line  calibration  check  can  be  affected.  This  is  not  possible 
with  purely  electrical  scanning,  but  the  system  can  be  calibrated  between  tests;  at  NASA,  the  pressure 
systems  are  calibrated  on  comnand  or  automatical ly  every  20  minutes,  by  switching  all  transducers  over 
to  a  calibration  manifold. 

Individual  transducers  allow  rapid  scanning,  allowing  a  numher  of  scans  to  be  made  during  one 
recording,  but  obviously  require  a  large  number  of  transducers.  With  electro-mechanical  scanning 
minimum  cycle  time  can  be  of  the  order  of  a  few  seconds  for  a  short  coupled*  small  transducer.  In  the 
order  of  one  minute  is  required  if  line  pressure  stabilisation  has  to  be  allowed  for,  os  is  the  cere  with 
large,  high  accuracy  transducers  which  have  a  large  internal  volume.  In  this  case  it  is  more  difficult  to 
ascertain  that  engine  and  facility  are  stabilized.  Manifolding  to  determine  an  average  pressure  with  a 
single  transducer  must  be  done  with  restrictors  between  the  different  litter  and  the  manifold;  the  probe 
heads  sample  pressures  with  flow  through  the  holes.  Both  effects  can  result  in  bias  errors  relative  to  the 
case  of  scanning  and  mathematical  averaging. 
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4.2  Data  Acquisition  and  Calibration 

Differences  in  facility  data  acquisition  and  calibration  methods  can  have  a  significant  effect  on 
measurement  error;  this  is  particularly  true  for  pressure  measurements.  This  Section  presents  the  steady- 
state  pressure  measurement  data  acquisition  and  on-line  calibration  procedures  used  at  each  of  the  test 
facilities . 

NASA  used  (in  PSL-3)  a  multiple  24-port  scanner  valve  system  which  included  two  separately  measured 

calibration  ports  giving  an  on-line  linear  calibration.  The  scanner  valve  time  was  4  secs;  for  the 
24-ports  one  data  point  was  obtained  by  averaging  5  cycles  in  a  20  sec  period.  Unsteadiness  of  engine 
and/or  facility  were  signalled  if  the  standard  deviation  of  the  cycle  results  exceeded  a  set 
tolerance . 

AEDC  used  12-port  scanner  valves  with  2  check  pressures  and  large  volume  high  accuracy  transducers. 
Settling  time  was  4  secs  per  port  ami  data  acquisition  time  of  one  second.  During  the  data 
acquisition  time  a  total  of  50  samples  was  taken.  Total  cycle  time  for  a  data  point  was  therefore  one 
minute.  The  results  were  analyzed  for  outliers  and  englne/fecillty  unsteadiness.  The  system  Is 
calibrated  pre-test  over  the  specified  measuring  range  using  eight  pressure  levels. 

NRCC  used  4  ranges  of  remotely  installed  capacitance  type  pressure  transducers  in  a  scanner  valve 

arrangement.  A  scanning  time  of  5-10  secs  per  dwell  with  a  sampling  rate  of  100  samples  per  second 
was  used  which  resulted  in  a  cycle  time  of  about  6  mins.  The  pressure  system  was  calibrated  at  the 
beginning  and  end  of  the  test  period. 

CEPr  used  24-port  scanner  valves  with  a  cycle  time  of  6  sees,  coupled  to  a  256  channel  multiplexer.  In 

each  valve  position  4  samples  were  taken.  Pressure  transducers  were  calibrated  at  II  pressure  levels 
and  a  second  degree  polynomial  used  to  fit  the  data. 

KAE(P)  used  individual  transducers  and  in  some  cases  2  transducers  per  tap.  The  cycle  was  5  secs,  one 
data  point  consisted  of  5  cycles.  The  results  were  analysed  for  outliers  or  excess  scatter. 
Calibration  was  done  the  day  prior  to  the  test. 

TUAF  used  manual  registration,  in  many  cases  with  taps  manifolded  to  a  single  liquid-level  manometer,  or 
digital  voltmeter  in  the  case  of  thermocouples.  The  time  required  to  record  a  data  point  was  of  the 
order  of  5  mins. 


5  UNCERTAINTY  ESTIMATES 
5.1  Introduction 

At  the  start  of  the  UFTP  bias  and  precision  error  estimates  in  airflow,  net  thrust  and  SFC  were 
calculated  and  have  been  reported  In  the  Facility  Test  Reports,  (Ref,  5-11).  An  interim  review  showed 
large  variations  between  facilities.  To  try  and  solve  these  an  Error  Audit  form  was  put  together  by  the 
North  American  facilities  (Ref. 3)  which  detailed  the  elemental  errors  in  the  measuring  system  for  stand 
force,  fuel  flow,  pressure,  temperature,  speed  and  area.  The  relevant  error  source  diagrams  are  given  as 
Table  3-1A/6A;  with  the  error  source  description  listed  under  B  .  All  facilities  have  used  this  detailed 
Frror  Audit  in  their  final  Uncertainty  Assessment  (Ref.  5-11),  except  TUAF  (Ref. 10)  which  used  simpler 
instrumentation  and  manual  recording  which  is  not  amenable  to  assessment  in  such  detail.  Implementat icn  at 
each  facility  followed  local  practice. 

In  most  cases  the  range  of  test  conditions  was  such  that  the  variation  of  resulting  basic  measurement 
values  ami  engine  performance  parameters  was  limited  and  not  much  difference  was  expected  in  the 
uncertainty  level  of  each  parameter  over  that  range.  The  one  exception  is  the  intake  pressure  range  in  the 
altitude  facilities,  which  varied  by  a  factor  of  four,  with  attendant  variation  in  fuel  flow  and  scale 
force.  Possible  consequences  are  shown  by  reporting  Uncertainty  Estimates  for  both  the  high  and  the  low 
altitude  case. 

Parameter  values  do  not  differ  much  between  an  altitude  facility  at  low  altitude  and  a  ground  test 
bed,  but  in  this  case  instrumentation  differences  may  play  a  role.  The  following  secion  5.2  compares  the 
error  estimates  made  by  each  facility  for  the  basic  measurements  and  section  5.3  the  erroi  estimates  for 
the  calculated  performance  parameters. 

The  Assessment  Reports  of  the  individual  facilities  (Ref.  5-11)  often  contain  a  great  deal  more  data  and 
can  be  referred  to  if  more  explanation  is  needed  than  can  he  givpn  within  the  scope  of  thp  present  report. 


5.2  Errors  in  Basic  Measurements 

Review  of  the  elemental  error  audits  from  each  test  facility  revealed  r  wide  variation  in  the 
allocation  of  the  bias  and  precision  errors  for  each  of  the  basic  measurement  systems.  Figures  5-1  through 
5-3  give  the  facility  error  audit  results  for  scale  force,  fuel  flow  and  pressure  al  Test  Conditions  6  and 
9.  The  results  for  Test  Condition  3  are  essentially  a  repeat  of  Test  Condition  6  and  therefore  for  the 
sake  of  clarity  were  not  added  to  the  figures.  Also,  Included  on  the  figures  are  the  results  for  KRCC 
corrected  to  standard  sea  level  Conditions  (Test  Condition  II).  There  is  felt  to  be  sufficient  similarity 
between  Test  Conditions  3  and  II  for  a  direct  comparison  to  be  meaningful.  The  error  audit  results  for 
CEPr's  and  H'AF's  ground-level  stand  were  not  available  for  Inclusion. 

The  variation  in  the  elemental  errors  among  the  test  facilities  was  attributed  to  the  differences  in 
the  facility  measurement  syatems  and  practices  (App.V)  r.nd  to  the  differences  ir  definition  of  the 
elements  of  the  measurement  process.  This  flexibility  in  the  definition  of  the  elements,  resulted  in 
differences  for  the  allocation  of  the  bias  and  precision  errors  nt  the  various  facilities.  For  example, 
hysteresis  errors  were  typically  assessed  by  NRCC  and  RAK(P)  to  be  bins  and  by  AEDC  and  NASA  to  be 
precision.  Another  example  is  the  classification  of  the  error  from  repeated  application  of  the  calibration 
pressure  standard  to  the  pressure  measurement  system.  RAE(P)  classified  this  type  of  error  as  a  bias,  NASA 
as  a  precision  and  AEDC  as  part  bias  and  part  precision.  Tills  leflects  the  differences  in  calibration 
procedure  and  error  assessment,  which  are  indicated  in  Section  3  and  4. 
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Figure  5-4  summarizes  the  Root- Sum-Square  of  the  elemental  bias  errors,  B,  and  estimated  uncertainty 
B+2S  ,  for  each  of  the  basic  measurements.  Mainly  as  a  result  of  the  difference  In  Defined  Measurement 
Process  mentioned  in  3.2  NASA  and  A£DC  attributed  a  larger  portion  to  precision  error  than  did  CEPr  and 
RA£(P).  Even  with  these  differences  however,  there  is  an  overall  agreement  among  the  facilities  of 
better  than  one  percent  when  combined  errors  (ie  B+t95S)  are  considered. 

The  following  overview  is  given  of  the  error  estimates  that  the  different  facilities  have  given  for 
the  basic  measurements  scale  force,  fuel  flow,  compressor  inlet  pressure  and  temperature,  rotor  speed,  and 
area  measurement. 


5.2.1  Scale  Force 

The  estimated  bias  and  precision  of  scale  force  at  Test  Conditions  6  agree  within  0.5Z  between 

the  different  facilities;  AEDC  reports  lower  estimates  at  Test  Condition  9  than  the  other  facilities 
(Fig. 5-1).  NASA's  largest  bias  limit  in  scale  force  is  attributed  to  data  reduction,  followed  by  data 
acquisition  and  calibration.  The  largest  bias  at  NRCC  is  environmental  effects;  for  RAE(P)  it  is  test  cell 
system  calibration,  followed  by  instrument  calibration  and  data  reduction.  At  RAE(P)  the  difference 
between  pre-  and  post  test  zero  is  the  largest  contribution  to  thrust  cell  bias,  even  after  updating  the 
reading  for  the  average  difference  per  test. 


5.2,2  Fuel  Flow 

NASA  has  the  highest  bias  and  precision  estimate  for  fuel  flow  (Fig. 5-2)  mostly  caused  by  data 
acquisition  (precision)  and  data  reduction  (bias).  The  AEDC  values  are  evenly  spread  over  the  contributory 
categories.  AEDC  and  NRCC  include  an  effect  for  the  determination  of  calibration  fluid  properties,  which 
the  other  facilities  do  not  explicitly  include,  while  RAE(P)  accounts  for  it  separately.  RAE(P)  uses 
displacement  fuel  flow  meters  and  reports  the  lowest  errors.  However,  an  influence  of  reduced  flow  rate 
causes  the  bias  to  increase  at  Test  Condition  9.  All  facilities  agree  in  having  little  or  no  percentage 
Increase  in  error  at  altitude  due  to  use  of  multiple  range  flow  meters  whereas  RAE(P)  used  a  single  range 
meter  for  both  low  and  high  altitude. 


5.2.3  Compressor  Inlet  Pressure 

Pressure  error  is  evaluated  for  the  total  value  at  the  compressor  inlet  (Fig. 5-3).  The  absolute 
pressure  varies  more  than  a  factor  of  four  over  the  simulated  altitude  range.  From  calibration  hierarchy, 
NASA  clains  only  a  precision  error,  AEDC  and  RAE(P)  only  a  bias  error.  Furthermore  NASA  and  NRCC 
include  a  small  probe  effect,  while  AEDC,  RAE(P)  and  CEPr  have  none.  The  largest  NASA  effect  is  hysteresis 
error  in  the  transducers;  the  largest  AEDC  contribution  is  data  acquisition.  All  of  the  participants  have 
taken  their  number  of  transducers  in  account  in  determining  the  precision  error.  RAE(P)  Included  a 
separate  effect  to  account  for  bias  error  resulting  from  pattern  variations. 


5.2.4  Compressor  Inlet  Temperature 

The  individual  error  sources  of  T2  are  not  presented,  but  Fig. 5-4  6hows  the  RSS  totals  as 
percentages. 

Most  facilities  agree  in  having  a  temperature  bias  limit  at  the  compressor  inlet  with  the  absolute  value 
in  the  order  of  1  C  (.35Z),  the  lowest  estimate  being  0,5  C  (AEDC),  the  highest  1,2  C  (NASA).  CEPr  claims 
a  bias  limit  for  the  facility  of  0,6  C,  using  resistance  probes.  Precision  errors  are  0,3-0, 5  C, 

except  for  zero  to  0,25  C  at  CEPr.  RAE(P)  claims  no  difference  in  measurement  error  between  platinum 
resistance  probes  and  thermocouples. 


5.2.5  Rotor  Speed 

AF.DC  (Ref. 6)  has  a  rather  high  bias  error  of  0.2Z  or  11  LPRPM,  resulting  from  signal  conditioning  and 
frequency  calibration,  while  NASA  (Ref. 5)  claims  0.02Z  (0.8  RPM)  from  the  same  source.  AEDC  converts  from 
frequency  to  analog  and  then  to  digital,  while  NASA  counts  time  interval  between  pulses  to  give  a  direct 
digital  output.  Possibly  the  averaging  system  also  has  an  influence,  especially  as  RPM  is  the  parameter 
that  is  apt  to  vary  slightly  in  a  periodical  manner. 


5.2.6  Area  Measurement 

The  measurements  of  nozzle  area  by  four  facilities  (Ref. 12)  section  6.1.3  showed  a  maximum  variation 
of  i  0.1  3Z  from  the  average,  which  is  insignificant.  Metal  expansion  makes  a  difference  of  0.2Z/1000  C» 
but  this  has  been  take"  into  account. 

Summary  of  5.2. 

In  summary,  the  percentage  range  of  the  facilities  estimated  uncertainties  for  the  UETP  basic  measurements 
are  shown  below  for  teat  condition  3,9  and  II 

Altitude  Facilities  NL;NH  P2  T2  VF  FS 

(TCiy  P2  -  8277"  kPa  +0.02  to  0.5Z  +0.T  to  0.5X_+0.3  to  0.6Z  +0.2_to  TTTX  +0.3  to  0.7Z 
(TC9)  P2  -  20.7  kPa  +0.02  to  0.5Z  +0.3  to  1.2Z  +0.3  to  0.4Z  +0.5  to  1.6Z  +0.6  to  3.0Z 


Ground  Level  Teat  Stands  +0.02  to  0.5Z 
(TCI  1 )  P2  -101.3  kPa. 


+0.2  to  0.3Z  +0.3  to  0.8Z 


+0.4  to  0.6Z 


+0.4  to  0.5Z 


5.3  Errors  in  Calculated  Engine  Performance  Parameters 

The  results  of  the  error  propagation  from  the  basic  measurements  to  bias  and  precision  estimates  for 
engine  performance  parameters  are  presented  in  Tables  5-2  to  5-7  .  For  comparison  purposes  in  the  present 
report  and  for  inter-facility  data  review  in  ref  12,  the  details  of  the  bias  and  precision  estimates  are 
shown  in  Figure  5-5  for  referred  airflow,  thrust  and  SFC.  Although  the  influence  of  the 

individual  facility's  DMP,  error  accounting  and  test  equipment  is  visible,  bias  limits  are  within  0.5%  at 
TC6,  and  0.7Z  at  TC9;  the  values  at  TC9  are  significantly  greater.  At  TC9,  NASA  quoted  the  highest  value 
for  net  thrust.  For  Test  Condition^CEPr  had  to  use  back-up  instumentation  so  their  results  for  this  case 
are  based  on  the  values  for  Condition  8. 

The  precision  index  values  (Fig5"  -5)  for  NASA  and  AEDC  are  about  twice  those  of  the  other  facilities  for 
specific  fuel  consumption  at  Test  Conditions  6  and  9.  All  facilities  except  AEDC  show  significant  increase 
with  altitude . 2* the  estimated  precision  index  of  the  AEDC  result  is  slightly  more  than  the  bias  limit  where- 
asixtbt estimated  precision  for  CEPr,  and  RAE(P)  is  less  than  the  bias  limit  estimates. 

The  bias  and  precision  limits  for  the  ground-level  test  bed  at  NRCC  are  comparable  to  those  at  altitude 
facilities  for  Test  Condition  6  (Figure  5-5). 

In  addition  to  airflow,  thru9t  and  SFC,  other  engine  performance  parameters  were  used  in  the  L'ETP. 

The  percentage  range  of  the  facilities  estimated  uncertainties  for  the  UETP  calculated  engine  performance 
parameters,  are  shown  below  from  Tables  5-2  through  5-7: 


Altitude  Facilities 

NHRD 

NLRD 

NLQNH 

P702 

T7Q2 

WAIRD 

WFRD 

FNRD 

SFCRD 

TC6  P2  -  82.7  kPa 

0.2-0. 5 

0.02-0.7 

0.1-0. 7 

0.3-0. 6 

0.6 -0.8 

0.4-1. 

.3 

0.5-1 .2 

0.6-1. 7 

TC9  P2  -  20.7  kPa 

0.2-0. 5 

0.02-0.7 

0.5-1 . 1 

0. 3-0.6 

0.8-2. 6 

0.4-1. 

.7 

1 .6-3.2 

2. 1-3. 5 

Ground  Level  Test  Stands 
TCI  1  Pa  -  101.3  kPa 

0.4-0. 7 

0. 1-0.8 

0.2-0. 3 

0.5-0. 9 

0.3-0.  7 

0.4  -i 

L.I 

0. 5-0.6 

0. 9-1.2 

6  DISCUSSION 

Discussion  of  the  different  practices  in  instrumentation  ar.d  error  evaluation  within  the  facilities 
will  of  necessity  be  limited  to  primary  factors  which  affect  the  uncertainties.  Further  details  con  be 
gathered  from  the  facility  Uncertainty  Assessment  reports  (Ref. 5-11).  The  comparison  between  facilities  is 
contained  in  Ref. 12. 


6.1  Validation  within  the  Facility 

A  schematic  of  the  data  flow  up  to  determination  of  the  desired  engine  performance  parameter  is  given 
in  fig. 6-1.  The  first  column  lists  the  four  elemental  error  sources  which  influence  the  uncertainty  in  the 
basic  physical  parameters  given  in  the  second  column. 

The  third  column  gives  the  basic  measurements  obtained  by  averaging  over  the  flow  area  ard/or  over 
the  data  collection  period.  If  moTe  than  one  scan  is  used,  deviations  from  known  patterns  can  be  checked 
for  broken  or  leaking  probes.  Variation  between  scans  is  often  monitored;  it  can  indicate  insufficient 
stabilisation  of  engine  or  facility,  or  other  trouble. 

From  the  basic  measurements  the  engine  performance  parameters  are  calculated;  the  data  flow  is 
indicated  in  fig. 6-1.  As  the  number  of  power  settings  within  one  test  condition  accumulates  some  of  these 
performance  parameters  (v)  can  be  curve  fitted  on-line  against  an  independent  variable(z),  such  as  RPM//6 
or  EPR.  If  outliers  are  detected,  power  settings  can  be  repeated  while  engine,  facility  ar.d  1  nstrumenta- 
tion  are  still  running,  which  reduces  measurement  errors.  To  prevent  smell  differences  in  setting  up  of 
the  test  condition  playing  a  role  in  this  scatter,  the  performance  parameters  first  have  to  be  reduced  to 
referred  conditions  as  indicated. 

In  first  instance,  checks  consist  of  making  sure  the  proper  data  is  used.  If  calibration  prints  are 
Included  in  the  scan  these  can  be  used  to  check  the  transducer  and  data  reduction  during  data  acquisition, 
otherwise  the  quiescent  conditions  pre-  and  post  test  are  used  as  a  check,  mainly  for  bias  errors. Ir  the 
last  column  of  fig.  6-1  further  checks  are  indicated  making  use  of  thernodynami c  relations,  nozzle 
coefficients  and  duplicated  instrument  systems.  Some  of  these  checks  have  been  performed  inter-DMP  and 
inter  facility,  and  are  reported  in  Ref. 12.  The  estimated  uncertainties  give  a  yardstick  for  judging 
whether  an  observed  difference  is  scatter,  bias  or  mistake. 


6.2  Error  Variation  over  Transducer  Range 

In  reporting  the  pressure  uncertainties,  thiee  types  of  error  models  were  used;  (!)  constant  absolute 
error  model,  (2)  constant  percent  error  nodel,  and  (3)  linear  error  model. 

NASA  uncertainties  were  reported  using  the  constant  absolute  error  model.  This  is  typically  presented 
in  instrument  manufacturers'  brochures  where  the  instrument  error  is  usually  given  at  Full  Scale  Output 
(FSO)  and  assumed  constant  Jn  absolute  value  over  the  whole  range  (see  Fig. 6-2).  This  approach  results  in 
a  pessimistic  estimate  of  uncertainty  at  the  low  end  of  the  measurement  range. 


AEDC  used  the  constant  percent  error  model  with  the  error  specified  at  the  10  percent  FSO.  It  was 
assumed  that  the  percent  error  over  the  interval  from  10  percent  FSO  to  FSO  was  constant.  From  zero  to  10 
percent  FSO  a  constant  absolute  value  of  error  was  assumed  (see  Fig. 6-2).  The  use  of  the  constant  percent 
error  model  evaluated  at  10  percent  FSO  results  in  a  pessimistic  estimate  of  uncertainty  at  the  high  end 
of  the  measurement  range. 

RAE(F)  used  the  linear  error  model.  This  consisted  of  determining  the  error  at  both  zero  input  and 
FSO  and  then  assuming  that  the  error  values  varied  linearly  between  the  zero  Input  and  FSO  error  values. 
In  conjunction  with  a  gauge  pressure  system,  in  which  pressures  are  measured  relative  to  barometic,  this 
results  in  smaller  errors  at  near  atmospheric  pressures. 

Of  the  three  models  considered  the  linear  error  model  gives  the  closest  representation  of  the  measurement 
error  over  the  total  measurement  range.  However,  the  linear  error  model  somewhat  overestimates  the  error 
at  the  low  end  of  the  measurement  range. 


6.3  Use  of  Multiple  Measurements 


Important  parameters  like  scale  force,  fuel  flow  and  some  pressures  are  usually  measured  with 
multiple  measurement  systems  which  are  as  independent  as  possible.  If  the  meters  are  of  the  same  type, 
standard  deviation  of  the  difference  of  the  two  meters  will  be  ^2  times  that  of  a  single  meter,  which 
allows  determination  of  the  precision  error  of  the  average  from  the  differences  of  two  meters.  Ref. 2 
Appendix  C  gives  the  theory,  which  is  summarized  In  the  following  equations: 

S(A)  ■  S  (difference  of  2  meters) 


but  s(A)  - 
. .  S  (average 


<v 

N-l  ) 

S  (I  meter) 
of  2  meters) 


l/'2  S  (1  meter) 


S(A) 


the 


In  this  equation  ^  is  the  average  difference  of  the  measuring  results  of  the  two  meters,  after  they  have 
been  calibrated,  in  the  calibrating  process  this  average  is  reduced  to  zero,  hut  in  practice  often  a  finit 
value  is  found  again,  which  is  then  a  measure  for  part  of  the  bias  introduced  through  the  testing 
environment . 


6.4  Test  Data  Analysis 

Local  practices  were  used  at  each  facility  to  analyse  and  verify  the  test  data  during  acquisition  and 
processing.  The  practices  in  use  at  RAE(1‘)  are  detailed  in  this  section  to  show  an  example  which  is 
typical  of  that  used  by  all  facilities. 

Test  Data  Analysis  may  be  directed  to  a  detail,  like  an  instrument  calibration  check,  or  to 
calculation  of  the  target  point  values  of  different  parameters  for  one  test  condition  from  the  curve  fit 
through  the  nine  measured  points.  At  the  same  time  the  Random  Error  Limit  of  Curve  Fit  (RELCF)  can  be 
evaluated  from  the  Residual  Standard  Deviation  (RSD)  of  the  points  relative  to  the  curve,  taking  into 
account  the  number  of  degrees  of  freedom,  determined  by  the  number  of  points  and  the  degree  of  the  curve 
fit.  The  model  used  by  RAE(F)  is  described  in  Ref. 17,  it  shows  that  the  RELCF  reduces  in  first 
approximation  with  the  square  root  of  the  number  of  points,  but  modified  by  the  uncertainty  in  the  curve 
coefficients  and  the  distance  from  the  centroid  of  the  data. 

For  a  data  spread  of  appr.  20Z  a  parabolic  fit  usually  gives  good  results,  but  in  the  case  of  the 
UETP  the  spread  of  appr.  40Z  necessitates  a  cubic  fit  in  some  cases.  In  the  latter  cases  a  parabolic  fit 
may  introduce  a  bias  error,  when  the  curve  is  read  off-centre.  This  is  not  relevant  for  UETP  as  Target 
Points  were  practically  in  the  centre  of  the  data.  A  cubic  fit  always  gives  a  better  approximation  for 
interpolation,  but  the  calculating  time  is  longer  and  the  RELCF  may  come  out  slightly  higher,  because  ut 
Student's  "t"  factor,  which  depends  on  the  degrees  of  freedom,  which  number  one  less  in  the  cubic  case. 
Extrapolation  is  dangerous  with  a  cubic  curve,  but  that  has  not  been  used  in  the  UETP.  In  general  the 
lowest  order  curve  fit  should  be  used  that  reasonably  fits  the  data.  If  visual  inspection  shows  the 
remnant  not  to  be  random,  a  higher  order  curve  fit  is  warranted. 

It  has  been  mentioned  before  that  test  data  analysis  by  curve  fit  can  only  directly  evaluate  one 
aspect  of  data  precision;  no  bias  information  can  be  obtained  this  way.  Often  the  results  for  different 
test  conditions  differ  more  than  ♦  RELCF.  This  difference  is  a  further  aspect  of  data  precision  as  defined 
bij  AEDC;  according  to  the  RAE(P)  definition  of  the  measurement  process  it  is  called  bias.  In  section  6.6 
and  6.7  some  examples  are  given  of  reasons  for  data  scatter  about  the  curve  fit  for  different  test 
conditions.  Comparison  with  other  DMP's  may  still  yield  more  bias  errors,  though. 

RELCF  values  for  RAE(P)  data  for  Test  Conditions  1  through  10  are  shown  in  Fig. 6-3.  The  average  RELCF 
values  are  0.13  percent  for  WAIRD,  0.25  percent  for  FNRD,  and  0. IS-  percent  for  SFCRD.  These  values  are 
consistent  with  the  RAE(P)  pretest  predictions  for  precision  error  which  are  indicated  in  the  figure  and 
show  an  increase  with  altitude  (test  conditions  6  to  9)  while  the  scatter  for  the  other  test  conditions 
should  be  of  the  same  magnitude.  The  high  altitude  case  (TC9)  shows  a  relatively  low  RELCF,  but  this  was 
based  on  ail  10  points  (first  and  second  scan  together)  while  the  other  values  at  RAE(P)  are  based  on  the 
second  scan  only. 

It  is  shown  that  the  FNRD  values  are  consistent  with  RAE(P)  prediction  for  the  altitude  cases,  if 
RELCF  is  based  on  9  points. 

Test  Condition  5  shows  a  larger-than-expected  RELCF;  in  this  case  the  nine  power  settings  were 
separated  over  two  days,  which  introduced  more  differences.  A  useful  tool  for  analysing  such  a  discrepancy 
is  to  plot  the  results  for  the  nine  power  settings  on  an  enhanced  scale,  which  was  done  in  this  case  by 
plotting  the  difference  relative  to  the  straight  line  connecting  the  end  points  (fig.6-¥).  In  this  case 
the  Increased  RELCF  results  from  some  difference  between  the  day-to-day  results  at  the  lover  power 
settings . 
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For  the  cose  of  Test  Condition  1  the  large  RELCF  in  net  thrust  FNRD  vs  NHRD  is  probably  caused  by 
some  difficulty  in  T2  measurement  at  258  K,  which  affects  the  value  of  NHRD.  The  RSD  for  this  case  is 
twice  that  for  TC  2),  while  for  FNRO  vs  P5Q2  the  RSD  is  of  the  same  order  for  the  two  test  conditions, 
indicating  that  the  scatter  is  not  in  FNRD.  This  illustrates  the  importance  of  choosing  the  comparison 
parameter;  the  effect  of  a  slight  error  in  NHRD  is  enhanced  by  the  curve  shift  effect,  which  is  of  the 
order  of  7  for  this  case  (i.e.  17.  change  in  FNRD  for  one  %  change  in  NHRD). 


6.5  The  Relationship  between  Standard  Error  of  Estimate  (SEE)  and  Estimated  Frecision  Index(s) 

Precision  Indices(S)  for  all  of  the  engine  performance  paraneters  were  estimated  by  each  facility  f^r 
test  conditions  3,6  and  9  (Table  5-2  through  5-7).  In  the  course  of  fitting  the  test  data  with  curves  of 
degree  2  by  least  squares  as  shown  in  Fig  9  of  Fef  12,  the  residual  standard  deviations  (RSD)  were 
calculated.  RSD  is  identical  to  the  Standard  Error  of  Estimate  (SEE) . 

The  relationship  between  RSD  and  S  at  each  facility  depends  on  the  particular  version  of  the  defined 
measurement  process  (DMP)  adopted  by  the  facility.  This  dependency  exists  because  certain  of  the  elemental 
errors  will  appear  as  either  a  bias  error  or  a  precision  error  depending  on  the  specific  ^MP  (Section 
3.2).  In  the  case  of  RAE(P),  the  DMP  was  taken  to  be  a  single  engine  performance  curve,  for  example  SFCRD 
versus  FNRD,  obtained  during  one  test  run.  On  this  basis,  the  values  of  RSD  are  expected  to  agree  with  the 
values  of  S  because  the  distribution  of  data  points  about  one  curve  is  assumed  to  be  a  complete 
manifestation  of  precision  errors.  For  the  RAE(P)  DMP  certain  errors  in  data  obtained  during  multiple  test 
runs  are  Included  as  bias  errors.  Other  facilities  adopted  a  different  DMP  in  which  certain  errors  which 
appear  in  data  obtained  during  multiple  test  runs  are  included  as  precision  errors.  For  the  latter 
definitions,  the  values  of  S  are  expected  to  be  larger  than  the  RSD  values  from  the  single  curve  obtained 
during  a  single  test  run.  The  vast  majority  of  the  data  presented  in  Fig.  9  of  Ref  12  was  obtained  during 
a  single  test  run  at  each  facility. 

Predicted  values  of  S  are  compared  in  Fig.  6-5"  with  observed  values  of  RED  trom  the  curve  fit  of: 

SFCRD  v  FNRD,  FNRD  v  P7Q2,  WFRD  v  NHRD,  WAIRD  v  N'LRD  for  test  conditions  3(82.7/1.0/288),  6(82.7/1.3/288) 
and  9(20.7/1.3/288)  at  NASA,  AEDC,  CF.Pr  and  RAE(r) . 

In  the  case  of  RAE(P),  the  values  of  S  and  RSD  arc  in  approximate  agreement  as  expected  from  the  PMP 
for  SFCRD  and  FNRD,  but  for  WFRD  and  WAiRD  the  values  of  S  are  consistently  much  lower  than  the  RSD's 
Hence,  the  S  predictions  were  probably  under-estimated  for  the  latter  two  performance  parameters. 

In  the  case  of  AEDC  the  values  of  R  are  higher  than  USD  for  SFCRD,  FNRD,  WFRD,  and  WAIRD  as  expected 
from  the  DMP.  However,  the  S  values  and  RSD  values  for  WAIRD  arc  closer  together  than  for  the  othci  3 
parameters  indicating  that  the  precision  error  contribution  estimate  for  WAIRD  for  multiple  test  runs  is 
smaller  than  for  the  other  3  parameters. 

In  the  case  of  CEPr  there  is  general  agreement  between  S  and  RSD  for  5  of  the  6  values  of  SFCRD  and  FNRD. 
(SFCRD  at  Test  Condition  9  is  the  exception).  This  relationship  between  S  and  RSP  is  essentially  the  same 
as  for  RAE(P).  For  WFRD,  the  RSD  values  are  very  high,  which  suggests  unexpected  measurement  scatter.  For 
WAIRD,  the  values  of  S  are  much  lower  than  RSD’s  which  suggest  that  these  S  values  were  under-estimated. 

6.6  Engine  Power  Handling 

As  described  in  section  2.3,  the  UETP  General  Test  Plan  was  designed  to  minimize  the  effects  of  non-steady 
state  engine  behaviour  eg  thermal  equilibrium  and  hysteresis.  Most  facilities  took  their  first  data  scan 
five  minutes  after  reaching  a  power  setting;  then  the  second  scan  was  taken  within  two  minutes.  Deviations 
from  this  procedure  could  introduce  errors  unaccounted  for  in  the  estimates  of  Section  5.3. 

The  data  from  several  test  facilities  were  examined  to  determine  if  there  was  a  difference  resulting 
from  hysteresis  in  the  data  taken  with  Increasing  throttle  angle  and  decreasing  throttle  angle  (see 
Fig.  2.2.).  Although  the  data  are  not  included  in  this  report,  it  was  concluded  that  the  effects  of 
throttle  hysteresis,  if  any,  were  negligible. 

Special  tests  were  performed  at  NASA  and  at  RAE(P)  to  establish  and  verify  the  5  minute  and  2 
minute  stabilization  intervals  specified  In  the  General  Test  Plan.  The  adequacy  of  these  intervals  was 
confirmed  (see  Section  12.4,  Ref.  12).  Additional  analysis  of  the  thermal  equilibrium  effects  was 
performed  as  a  part  of  this  measurement  uncertainty  evaluation  by  examination  of  the  differences  between 
the  first  and  second  data  scan  (Fig.  6-6).  Figure  6-6  A  shows  negligible  difference  between  the  first 
and  second  data  points  at  AEDC. 

CEPr  used  a  2-3  minute  stabilization  time  before  taking  two  back  to  back  data  points. 

Scatter  between  the  first  and  second  points  Is  significantly  increased  (Fig  6-6 B)  relative  to,  for 
Instance*  AEDC  (Fig6-6A).  Thus,  the  curve  fit  of  the  complete  ret  of  CEPr  data  could  he  expected  to 
introduce  both  precision  errors  (due  to  random  scatter)  and  bias  errors  (due  to  systematic  thermal 
effects).  These  errors  amount  to  0.5  percent  in  the  comparison  of  FNRD  versus  P5Q2,  In  addition  to  that 
shown  in  Table  5-  4  and  section  5.3.  Other  biases,  particularly  in  engine  speed,  are  expected  to  he 
present  but  have  not  been  calculated. 

6.7  The  Relationship  between  Measured  Inter-facility  Spreads  and  Estimated  I’ncertainties. 

A  display  of  the  data  spreads  for  the  Individual  test  conditions  for  FNRD,  WA1KD  and  SFCRD  is  shown 
in  Figure  18-1  of  Reference  12.  The  results  have  been  re-arranged  in  Figure  6.7  to  show  the  effects  of 
Increasing  inlet  temperature,  decreasing  inlet  pressure  erd  increasing  ram  ratio.  In  addition  to  the  data 
spreads  an  estimate  of  the  total  uncertainty  interval,  based  on  median  uncertainty  values  from  Table  5-2 
to  5-5,  is  shown,  including  the  relevant  curve  shift  effects,  as  discussed  in  Section  3.4.4.  This  is 
calculated  as  follows,  taking  the  graph  of  FNRD  vs  P7()2  at  Test  Condition  3  as  an  example: 

Median  UFNRD  -  0.65X 

Median  UP7Q2  -  0.51% 

dFNRD 

Slope  dP7Q2  -  1.9 


Estimated  total  uncertainty  ■  /  0.65s  +  (1. 9  x  0.51) 2  -  1.177. 


NOTE  :  This  information  assumes  that  the  error  sources  in  FNRD  and  P7Q2  are  independent.  There  Is  a  small 
effect  of  the  error  in  P2  which  is  common  to  both  FNRD  and  P?Q2  and  which  would  reduce  the  value  of 
1.17  %  by  (0.1-0. 2%). 

This  effect  of  common  error  has  been  neglected  in  this  example.  Similarly,  there  is  a  small  effect  (less 
than  0.1  percent)  due  to  error  in  T2  which  is  common  to  both  WAlRD  and  NLRD  and  a  small  effect  of  the 
error  in  FNRD  which  is  common  to  both  SFCRD  and  FNRD  which  also  would  reduce  thec?  uncertainty  intervals 
by  (0.1-0.52).  All  errors  have  been  treated  as  independent  and  the  small  effects  of  common  errors  in 
both  the  dependent  and  independent  variables  have  been  neglected  in  these  examples. 

Total  uncertainty  interval  “  2  x  1.17  c  2.32  (based  on  median  values) 

A  somewhat  more  pessimistic  estimate  of  the  uncertainty  interval  can  be  obtained  making  use  of  the 
larger  error  estimates  of  some  feci lit ies.  It  can  be  argued  that  one  facility'?  results  may  be  as  much  as 
the  maximum  estimated  error  displaced  from  the  (unknown)  true  value.  (This  is  not  necessarily  the  facility 
that  made  the  high  error  estimate).  However  it  should  not  be  possible  that  another  facility’s  result  are 
an  equal  amount  in  error  in  the  opposite  direction;  the  maximum  *rror  in  that  direction  can  be  assumed  to 
be  the  next  highest  estimate.  Therefore  the  logical  maximum  spread  (uncertainty  interval)  is  the  sum  of 
the  highest  two  estimates,  with  each  contribut ion  calculated  In  a  way  pimilar  to  that  shown  above. 

The  complete  results  are  presented  in  Table  f*-i. 

The  magnitudes  of  these  estimated  total  uncertainty  intervals  are  plotted  in  Figure  6.7  for  Test 
Conditions  3,  6  and  9  with  das.ied  lines  indicating  the  expected  variation  over  c he  other  Test  Conditions. 
These  lines  are  fairly  constant  over  most  lest  Conditions  -  the  exception  being  Test  Conditions  6,  7,  8 
and  9  where  all  the  lines  increase  as  engine  Inlet  pressure  decreases.  The  measured  spreads  remain  fairly 
constant  in  nearly  every  case  -  the  exception  being  FNRD  with  CEPr  omitted  where  the  spreads  increase  as 
pressure  falls.  It  was  noted  in  Reference  12  that  the  large  differences  between  the  spreads  in  FNRD  with 
and  without  CEPr  data  were  attributed  to  problems  with  the  measurement  of  P7 .  It  can  also  be  noted  that 
the  spreads  in  this  case  with  the  CFPr  data  omitted  are  considerable  ]e‘;s  than  the  estimated  uncertainty 
interval,  which  Indicates  that  given  good  P7  measurement  -  the  estimated  errors  may  be  excessive.  Also 
it  should  be  noted  that  the  interfacility  spreads  of  SFCRD  vs  FNRD  do  not  increase  as  inlet  pressure 
decreases  from  test  condition  6  to  9  as  was  estimated.  The  reasons  why  the  interfacility  spreads  are 
suprisingly  small  at  the  difficult  test  conditions  8  and  9  .’ould  be  due  to  sel  f-cancel  1  ing  effects  of 
common  errors,  but  this  was  not  established  during  the  analysis  of  the  UETP  results. 

Ir.  judging  the  compatibility  of  the  measured  spreads  with  the  estimated  uncertainty  intervals,  it  should 
be  remembered  that  the  latter  represent  LIMITS  within  which  the  observed  data  spreads  should  He  with  ^97 
confidence,  ft  1  a  reassuring  to  find  that  chess  estimated  uncertainty  intervals  are  reasonably  compatible 
with  tiie  observed  sprads.  This  inspires  confidence  for  future  application  of  the  uncertainty  methodology. 
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7  CONCLUSIONS 


In  the  ACAKD-UETP,  a  single  methodology  for  determining  the  bias  limits,  precision  indices,  and  overall 
uncertainties  of  the  basic  measurements  and  calculated  engine  performance  parameters  was  adopted  and 
implemented  at  each  facility.  This  approach  provided  a  common  basis  for  comparison  of  the  quality  of 
measurements  made  at  the  participating  test  facilities.  As  a  result  of  this  work  major  advances  in  the 
assessment  and  understanding  of  data  quality  were  made  by  the  AGARD  turbine  engine  test  community. 


The  key  conclusions  from  the  UETP  measurement  uncertainty  assessment  are: 


1  '■  Error  analysis  for  propulsion  test  lacilities  proved  to  be  a  highly  specialised  subject  and  required 
that  each  facility  complete  a  rigorous  elemental  error  audit  for  each  of  the  facility  basic 
measurement  systems. 

2)  Estimated  errors  must  be  assigned  as  precision  or  bias  according  to  criteria  which  make  up  the 

Defined  Measurement  Process.  Different  Defined  Measurement  Processes  were  used  by  each  facility;  as  a 
result,  elemental  errors  were  classed  as  bias  in  one  facility  and  as  precision  in  another. 


3)  Although  a  common  uncertainty  methodology  was  used  to  make  the  measurement  uncertainty  estimates, 
flexibility  in  the  definition  of  the  Defined  Measurement  Process  and  allocation  of  the  bias  and 
precision  eirors  dependent  on  the  data  acquisition  and  calibration  system  of  each  facility  resulted 
In  considerable  variation  In  these  error  components.  How?ver,  there  Is  overall  agreement  among  the 
lacilities  when  combined  errors  (i.e.  measurement  uncertainty1!  are  considered. 

4)  The  uncertainty  estimates  for  the  basic  measurements  -  scale  force,  fuel  flow,  inlet  pressure,  inlet 
temperature  and  rotor  speed  -  varied  from  0.3  to  0.7  percent,  0.2  to  1.1  percent,  0.1  to  0.5  percent, 
0.3  to  0.6  percent  and  0.02  to  0.5  percent  respectively,  with  little  difference  between  the  ground- 
level  test  beds  and  the  altitude  cells  at  near  sea  level  inlet  pressure.  Some  facilities  assumed 
that  the  percentage  uncertainty  remained  constant  as  the  engine  inlet  pressure  was  reduced,  whereas 
others  assumed  the  absolute  value  of  the  uncertainty  to  remain  constant.  The  latter  assumption 
resulted  in  uncertainty  values  for  scale  force  of  0.3  to  3.0  %. 

5)  For  the  altitude  facilities  the  ranges  of  uncertainty  estimates  for  the  major  enginge  performance 
parameters,  net  thrust,  specific  fuel  consumption  and  airflow  were  i  0.4  to  1.2,  t  0.6  to  1.7  and  1 
0.4  to  0.8  percent  respectively  at  high  Inlet  pressure  (82.7  kPa) .  At  low  inlet  pressure  20.7  kPa) 
both  the  values  and  spreads  were  considerably  higher,  ranging  to  just  over  i  3.0  percent  for  net 
thrust  and  specific  fuel  consumption.  For  the  ground-level  test  beds  both  the  values  and  the  spreads 
were  generally  eiraller  than  those  for  the  altit  ide  facilities. 


ft)  The  overall  uncertainty  of  a  parameter  obtained  from  an  engine  performance  curve  Is  made  up  of  the 

uncertainty  in  both  the  dependent  and  independent  parameters.  The  effects  of  both  contributions  were 
of  similar  magnitude. 

7)  Two  measurement  systems  were  especially  notable  for  demonstrated  lew  measurement  uncertainty  within 
their  category;  the  positive  d ispacetr.ent  fuel  flow  meters  at  RAE(P)  and  the  sonic  air  1  low  meter  at 
AKDC. 

.8)  A  comprehensive  post-test  analysis,  is  required  to  confirm  predictions  and  detect  mistakes.  In 

particular,  evaluation  of  the  residual  standard  deviations  (PSPl  from  the  curves  fitted  to  the  data 
is  i t commended.  Depending  on  the  Defined  Measurement  Process,  all  or  part  of  the  observed  RSD  would 
be  directly  comparable  to  the  estimated  precision  indices.  Significant  deviations  would  indicate  that 
ait  improper  estimate  had  been  made  in  the  prediction. 

*))  Thru*?  error  models  were  u*ed  in  estimating  uncertainty  of  pressure  transducers: 

a.  Constant  absolute  error 

b.  Constant  percentage  ertor 

c.  1. incur  absolute  error 

Type  (fiJ  i ouoted  at  lull  Scale  Output  (FSO)  is  that  favoured  by  instrument  manufacturers  and  this  was 
applied  by  three  facilities.  It  gives  large  percentage  estimates  at  low  pressure.  One  facility 
specified  Type  (B)  with  the  constant  percentage  uncertain!.}  declared  at  0.1  FSO.  One  facility,  which 
had  a  gauge  nrc:*sure  system,  used  a  linear  model  (Type  (cl.  This  gave  a  large  percentage  uncertainty 
.it  lew  absolute  pressure,  but  negligible  percentage  uncertainty  at  high  absolute  pressure. 

!!•;  The  residual  standard  deviations  calculated  from  the  observed  scatter  about  the  curve  fits  to  the 

engine  performance  parameters  were  in  reasonable  agreement  with  the  predicted  precision  indices  for 
.ill  Test  Conditions. 
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Table  3-1A  Force  Measurement  Error  Source  Diagram 


Table  3-1B  Force  Measurement  System 


b 

s 

DESCRIPTION  OF  ERROR  SOURCE 

bl 

S1 

Error  from  standard  lab  calibration  of  load  cells, 
including  traceability  to  national  standards. 

b2 

s2 

Error  due  to  misalignment  between  Che  engine  force 
vector  and  the  force  vector  measured  by  the  data  load 
cell  train. 

b3 

s3 

Error  due  to  shift  in  load  cell  calibration  caused  by 
attachement  of  adaptors  and  flexures. 

b4 

s4 

Error  due  to  pressurization  of  the  labyrinth  seal. 

b5 

s5 

Error  caused  by  the  measurement  of  the  forces  on  an 
axis  different  from  the  engine  centerline. 

b6 

s6 

Error  due  to  the  system  hysteresis. 

b7 

s7 

Error  due  to  the  system  non-repeatability,  as 
determined  by  repeated  calibration  both  pre  and  post 

test. 

Error  due  to  the  system  non-linearity. 

Error  due  to  the  effect  of  changes  in  cell  pressure  on 
the  load  cell. 

Error  due  to  the  effect  of  changes  in  cell  pressure  on 
the  test  cell  wall  which  is  the  thrust  system  ground. 

b i |  sji  Error  due  to  the  effect  of  changes  in  line  pressure  on 

th«  tare  forces  excited  on  the  thrust  a*e.iSu* etuent 
w»te®  by  service  lines,  efc--  routed  to  the 
engine. 

bj2  312  Error  due  to  the  effect  of  a  change  in  temperature  on 

the  load  cell. 

s 1 3  Error  due  to  the  effect  of  changes  in  temperature  on 

the  care  forces  exerted  on  the  thrust  measurement 
system  by  lines  routed  to  the  engine. 

bj^  si4  Error  due  to  thermal  growth  of  the  thrust  stand. 

bj5  Error  in  force  measurement  as  a  result  of  inlet  air 

ram  effects  on  sea  level  test  stands  (this  error  is 
also  present  for  altitude  tost  cells  but  will  he  taken 
into  account  in  the  elemental  error  propagation 
activities). 

bj£  Error  in  the  force  measurement  as  a  result  of 

secondary  airflow  external  drag  effects  on  engine 
surface  and  service  lines. 


b17 

S1  7 

Error  due  to  the  effect  of  vibration  on  the  load  cell. 

b18 

818 

Error  due  to  the  effect  of  vibration  on  the  thrust 
stand. 

o* 

s19 

Error  from  signal  conditioning,  shunt  calibration,  and 
digital  system. 

b20 

8  20 

Error  from  curve  fit  of  calibration  data. 

b21 

S21 

Error  associated  with  the  ability  to  determine  a 
representative  value  over  a  specified  time  interval 
for  data  variations  due  to  plant  or  engine 

instability. 


b8  *8 

b9  s9 

bio  s‘° 


Table  3-2  A/B  Fuel  Flow  Measurement  Error  Source  Diagram/System 


I  STANDARDS 
CALIBRATION 
|  HIERARCHY 


NO'f  b  =  BIAS  ERROR  VAiUf 

*  PRECISION  ERROR  VAtUl 


TYPE  ERROR 
it-  i  4.  . 


j*  CAVlIAflON 


*  INSTALLATION  I*-  ' UR8UIENCE 

CONUGURATION  -  -  .x— 

TEST  -  ME  EER  ORIENTATION 


SYSTEM 


-  CAl  TiUlO  PROPERTIES 

If  ST  Clll  -  -  - — • 

SYSTEM  _ _ _ _ _ 

calibration  ^  flowmeter  REpfATABmTvl 


i  ENVIRONMENT  A  i 
ETEECTS 


»•  TEMPERATURE 

-TlOWMETEi 
!  'viscosity 

SPECIE >C  GRAVITY 


i  VURA  fiON  0  ' 

1  PRESSURE  b  % 


OATA 

SYSTEM 

ACOUISTION 

ANO 

PROCESSING 


SAMPLING  ERROR 

-i  ME  ASLJREME  NT  CHANNEl  ERROR 
■  \  DA r A  PROCESSING  ERROR 


b 

s 

bl 

S1 

b2 

s2 

b3 

83 

b4 

s4 

b5 

®5 

b6 

86 

b7 

s7 

FUEL  FLOW  MEASUREMENT  SYSTEM 
(TURBINE  FLOWMETERS) 


DESCRIPTION  OF  ERROR  SOURCE 

Error  from  standard  lab  calibration  of  flowmeter, 
including  traceability  to  national  standards. 

Error  due  to  the  effect  of  cavitation  caused  by 
insufficient  static  pressure  within  the  flowmeter. 

(yo»U*i  Beitrowv) 

Error  due  to  the  effect  of  turbulent  flow  caused  by 
sharp  bends,  etc.  upstream  of  the  flowmeters. 

Cm* cl  c£ou>vis4  reov* 

Error  due  to  the  effect  of  orientation  differencies 
from  calibration  to  application. 

Error  from  determination  of  calibration  fluid  specific 
gravity,  viscosity,  and  matching  these  to  the 
characteristics  of  the  test  fluid  to  be  used. 

Error  due  to  the  flowmeter  non-repeatability  from 
repeat  flowmeter  calibration,  including  difference 
between  pre  and  post  test  calibrations. 

Error  from  the  effect  of  ambient  temperature  changes 
on  the  flowmeter. 


b8 

b9 

b10 

bit 


sg  Error  in  the  determination  of  test  fluid  viscosity. 

s9  Error  in  the  determination  of  test  fluid  specific 

gravity. 

siQ  Error  from  the  effect  of  vibration  on  the  flowmeter. 

sii  Error  from  th«»  effect  of  ambient  pressure  changes  nr 

Lite  fluwmei.tr. 


bj2  ®12  Error  associated  with  the  ability  to  determine  a 

representative  value  over  a  specified  time  interval 
for  data  variations  due  to  fuel  pressure  or  engine 

instability. 

bj3  sj  3  Error  from  signal  conditioning,  calibration, 

oscillator,  and  digital  system. 

b14  S[4  Error  from  curve  fits  of  calibration  data  and  fluid 

property  correction 
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Table  3-3  A/B  Pressure  Measurement  Error  Source  Dlagram/Syetero 


STANDARDS 

CALIBRATION 

HIERARCHY 


TEST 

CELL 


NOTE  b  *  BIAS  ERROR  VALUE 

S  =  PRECISION  ERROR  VALUE 


PRESSURE  PROBE 


INSTALLATION  . _ 

ETfECTS  ..-[REFERENCE  PROBE 


TEST  CELL 
SYSTEM 
CALIBRATION 


LINE  PRESSURE 


[reference  SOURCE 


|  SENSOR  HYSTERESIS 


NON-LINEARITY 


REPEATABILITY 


uwrtKAiui 

environmental  M  ' 

EFFECTS  j  LfviBRATlQN 


^[pressure  J 


-[sampling  ERROR 


SYSTFM  | - - 

ACOUISTION  «—  .WEASUREMENT_CHANNEL  ERROR 
AND 


—  [data  PROCESSING  ERROR 


TYPE  ERROR 


PRESSURE  MEASUREMENT  SYSTEM 


b 

s 

DESCRIPTION  OF  ERROR  SOURCE 

bl 

81 

Error  from  the  standards  lab  calibration  of  the  in 
place  pressure  generator  or  the  sensor  calibration, 
including  traceability  to  national  standards. 

b2 

82 

Error  from  the  design/fabrication  of  the  static  or 
total  pressure  probe. 

b3 

s3 

Error  from  the  design/fabr icat  ion  of  the  reference 
pressure  probe  for  delta  pressure  measurements. 

b4 

84 

Error  due  to  changes  in  transducer  calibration  with 
line  pressure  for  delta  pressure  sensors. 

b5 

85 

Error  from  the  determination  of  reference  pressure. 

b6 

86 

Error  due  to  sensor  hysteresis. 

b  7 

87 

Error  due  to  sensor  non-linearity. 

b8 

88 

Error  due  to  sensor  non-repeatability . 

b9 

®9 

Error  due  to  the  effect  of  changes  in  temperature  on 
the  pressure  sensor. 

b10 

810 

Error  due  to  the  effect  of  vibration  on  the  pressure 
sensor . 

bll 

811 

Error  due  to  the  effect  of  changes  in  line  pressure  on 
delta  pressure  sensors. 

b\l 

*u 

F-rnr  .trr.r.ri  «ros*  w?  fh  fV.r  ability  to  determine  a 

representative  value  over  a  specified  time  interval 
for  the  data  variations  due  to  plant  or  engine 
instability. 

b13 

*13 

Error  from  signal  conditioning,  electrical 

calibration*  and  digital  system. 


814 


Error  from  curve  fit  of  calibration  data. 


Table  3-4  A/B  Temperature  Measurement  Error  Source  Diagram/System 


TEMPERATURE  MEASUREMENT  SYSTEM 
(THERMOCOUPLE  TYPE) 


b 

s 

DESCRIPTION  OF  ERROR  SOURCE 

bl 

®1 

Error  due  to  manufacturer  specification  of  wire  or 
standard  lab  calibration,  whichever  is  used. 

b2 

s2 

Error  due  to  reference  temperature  level. 

b3 

93 

Error  due  to  reference  temperature  stability. 

b4 

84 

Error  du  to  probe  design  caused  by  radiation, 

friction,  t  when  measuring  gas  temperatures. 

b5 

®5 

Error  due  to  ieat  conduction. 

b6 

s6 

Error  due  to  temperature  gradients  along 

nonhomogeniou  thermocouple  wire. 

b  7 

«7 

Error  from  si  ,nal  conditioning,  millivolt  calibration 
source  and  digital  system. 

b8 

®8 

Error  from  curve  fit  of  thermocouple  tables  furnished 
by  national  standards  laboratory. 

b9 

*9 

Error  associated  with  the  ability  to  determine  a 
representative  value  over  a  specified  time  interval 
for  the  data  variations  due  to  plant  or  engine 
instability. 

Table  3-5  A/B  Rotor  Speed  Measurement  Error  Source  Diagram/System 


ROTOK  SPEED  MEASUREMENT  SYSTEM 


b 

s 

DESCRIPTION  OF  ERROR  SOURCE 

bl 

al 

Standards  Lab  calibration  of  frequency 
source,  including  traceability  to  national 

calibrat ion 
standards . 

b2 

®2 

Error  from  sensor  design  (gear  tooth  shape, 

etc .  ) . 

b3 

83 

Error  from  rotor  mount  (gear  ratio). 

bu 

8  U 

Error  due  to  the  effect  of  vibrations  on  the  speed 
sensor. 

b5 

B5 

Error  from  signal  conditioning, 

oscillator,  and  digital  system. 

calibration 

b6 

86 

Error  from  calibration  curve  fit. 

b7 

8  7 

Error  associated  with  the  ability  to  determine  a 
representative  value  over  a  specified  time  interval 

for  the  data  variations  due  to  engine  instability. 
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Table  3-6  A/B  Area  Measurement  Measurement  F.rror  Source  Diagram/System 


AREA  MEASUREMENT 


b 


b 


1 


b2 


b3 


b4 


s  DESCRIPTION  OF  ERROR  SOURCE 

sj  Error  from  the  standards  laboratory  calibration  of  the 

precision  instrument  used  to  make  the  physical 
measurements. 

82  Error  due  to  differences  in  temperature  from  area 
measurement  and  testing,  including  effect  of 
temperature  error. 

83  Error  in  area  measurement  as  a  result  of  defining  the 
geometry  cross  section. 

84  Error  in  determining  the  effective  flow  area  (i.^., 
nozzle  discharge  c >e£ ficient) . 


TABLE  FRRCR  FRflPAGATICN  AT  OttDITICN  9,  TARGET  POINT  (20.7  P2/1.3  RR/288  T2/8750  !«©) 


Basic  measurements 
(input  parineters) 


Bias  Precis 
limits  index 


Influence  coefs 

W) 


Bias  limits  of  results  Precis  index  of  results 


X 

4  (units) 

(%) 

(2) 

STCRD 

fnhd 

WAJRD 

WFRD 

SFCRD 

FNRD 

UAIKD 

WFRD 

SFTPD 

FNRD 

WAIRD 

WFRD 

*  PSA 

19.50 

kPa 

0.38 

0.021 

0.11 

-0.11 

0.51 

0 

0.04 

0.04 

0.19 

0 

0.002 

0.002 

0.010 

0 

PA 

2.311 

kPa 

0.71 

0.130 

0.11 

-0.11 

0.50 

0 

0.08 

0.08 

0.36 

0 

0.014 

0.014 

0.065 

0 

TA 

288.2 

K 

0.35 

0.024 

-0.11 

0.11 

-0.49 

0 

0.04 

0.04 

0.17 

0 

O.CiGl 

0.003 

0.012 

0 

T2 

287.8 

K 

0.35 

0.038 

-0.39 

-0.11 

0.50 

-0.50 

0.14 

0.04 

0.17 

0.17 

0.015 

0.004 

0.019 

0.019 

PSI 

20.27 

kPa 

0.44 

0.030 

-3.51 

-3.64 

0 

0 

0.81 

0.84 

0 

0 

0.104 

0.108 

0 

0 

PC 

15.94 

kPa 

0.58 

0.044 

2.19 

-2.15 

0 

0 

0.30 

0.30 

0 

0 

0.096 

0.094 

0 

0 

LOU) 

2550 

N 

1.61 

0.470 

-0.55 

0.55 

0 

0 

0.89 

0.89 

0 

0 

0.259 

0.259 

0 

0 

QF 

193.2 

ml/s 

0.24 

0.078 

1.00 

0 

0 

1.0 

0.24 

0 

0 

0.24 

0.078 

0 

0 

0.078 

D15 

0.8023 

Vg/l 

0.12 

0 

0 

0 

1.0 

0.12 

0 

0 

0.12 

0 

0 

0 

0 

NCV 

43187 

J/g 

0.18 

0 

" 

0 

0 

1.0 

0.18 

0 

0 

0.18 

0 

0 

0 

0 

TF 

288.9 

K 

0.35 

0 

-0.25 

0 

0 

-0.25 

0.09 

0 

0 

0.19 

0 

0 

0 

0 

CDA 

0.981 

- 

0.72 

0 

0.23 

-0.23 

1.00 

0 

0.17 

0.17 

0.72 

0 

0 

0 

0 

0 

BARD 

98.65 

kPa 

0.13 

0 

0.06 

-4.64 

-2.15 

-4.70 

0.01 

0.60 

0.28 

0.61 

0 

0 

0 

0 

OCP 

-so 

kPa,g 

0.04 

0 

0.05 

-3.71 

-1.72 

-3.76 

0.00 

0.15 

0.07 

0.15 

0 

0 

0 

0 

P2 

20.71 

kPa 

0.33 

0.014 

-0,78 

-0.22 

-1.00 

-1.00 

0.26 

0.09 

0.33 

0.33 

0.011 

0.003 

0.014 

0.014 

RSS  TWA'  2. 

Bk  and  Sk  (%) 

1.44 

1.54 

0.97 

0.81 

0.306 

0.296 

0.071 

0.081 

*  PSA 

75.95 

TABLE  S'-*  B  ERRT* 

•wt'a  0.06 

n*v  A;  J7CN  AT  CONDI  TICK  6, 

0.005  0.10  -0.10 

TARGET  POINT  (82.7  P2/J. 

0.51  0  0.00 

.3  RR/288  12/8875  NHRD) 

0.00  0.03  0  0.001 

0.001 

0.003 

0 

PA 

11.30 

kPa 

0.27 

0.027 

0.10 

-0.10 

0.50 

0 

0.03 

0.03 

0.14 

0 

0.003 

0.003 

0.013 

0 

TA 

287.7 

K 

0.35 

0.024 

-0.09 

0.09 

-0.49 

0 

0.03 

0.03 

0.17 

0 

0.002 

0.002 

0.012 

0 

T2 

287  . 

K 

0.35 

0.038 

-0.40 

-0.10 

0.50 

-0.50 

0.14 

0.03 

0.17 

0.17 

0.015 

0.004 

0.019 

0.019 

PSI 

HO.  35 

kPa 

0.67 

0.007 

-3.23 

-3.34 

0 

0 

0.13 

0.13 

0 

0 

0.024 

0.025 

0 

0 

PC 

63.35 

kPa 

0.17 

0.011 

2.03 

-1.99 

0 

0 

0.08 

0.08 

0 

0 

0.022 

0.022 

0 

0 

LOAD 

12220 

N 

0.33 

0.098 

-0.62 

0.62 

0 

0 

0.20 

0.20 

0 

0 

0.061 

0.061 

0 

0 

QF 

718.9 

ml/s 

0.13 

0.021 

1.00 

0 

0 

1.0 

0.13 

0 

0 

0.13 

0.021 

0 

0 

0.021 

D15 

0.8023 

Vg/1 

0.12 

0 

" 

0 

0 

1.0 

0.12 

0 

0 

0.12 

0 

0 

0 

C 

NCV 

43187 

J/g 

0.18 

0 

" 

0 

0 

1.0 

0.18 

0 

0 

0.18 

0 

0 

0 

0 

TF 

287.8 

K 

0.35 

0 

-0.25 

0 

0 

-0.25 

0.09 

0 

0 

0.0Q 

0 

0 

0 

0 

cm 

0.985 

- 

0.72 

0 

0.20 

-0.20 

1.00 

0 

0.14 

0.14 

0.72 

0 

0 

0 

0 

0 

BARD 

98.66 

kPa 

0.13 

0 

0.05 

-1.24 

-0.54 

-1.29 

0.01 

0.16 

0.07 

0.17 

0 

0 

0 

0 

OTP 

-20 

kPa.g 

0.04 

0 

0.01 

-0.25 

-0.11 

-0.26 

0.00 

0.01 

0.00 

0.01 

0 

0 

0 

0 

P2 

82.47 

kPa 

0.14 

0.004 

-0,80 

-0.20 

-1.00 

-1.00 

0.11 

0.03 

0.14 

0.14 

0.003 

0.001 

0.004 

0.004 

RSS  T0TAI5  +  Rk  and  Sk  (Z) 

0.44 

0.34 

0.79 

0.19 

0.074 

0.070 

0.026 

0.029 

*  Note  :  Facility-Peculiar  Nomenclature  -  Defined  in  Ref.  9 


Table  5-2 


NASA  Calculated  Performance  Parameter  Uncertainty  Estimates 


2N 


PARAMETER 

TEST  CONDITION 

ERROR. 

PERCENT 

OF  READING 

NO. 

P2kPa 

T2,K 

RAM 

RATIO 

BIAS(B),% 

PREC.(S),% 

UNCERT.(U).% 

NLQNH 

3 

82.7 

288 

1.00 

0.02 

0 

0.02 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

II 

•1 

II 

NHRD 

3 

82.7 

288 

1.00 

0.21 

0.02 

0  24 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

II 

II 

II 

T7Q2 

3 

82.7 

288 

1.00 

0.S1 

0.03 

0.58 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

0.49 

•1 

0.56 

P7Q2 

3 

82.7 

288 

1.00 

0.08 

0.02 

0.11 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

0.33 

0.06 

0.45 

NLRO 

3 

82.7 

288 

1.00 

0.21 

0.02 

0.24 

6 

82.7 

288 

1.30 

•1 

II 

•1 

9 

20.7 

288 

1.30 

II 

II 

II 

WA1RD 

3 

82.7 

1.00 

0.48 

0.13 

0.74 

6 

82.7 

288 

1.30 

0.49 

0.12 

0.73 

9 

20.7 

288 

1.30 

1.47 

0.55 

2.56 

FNRD 

3 

82.7 

288 

1.00 

0.37 

0.17 

0.71 

6 

82.7 

288 

1.30 

0.45 

0.20 

0.86 

9 

20.7 

288 

1.30 

1.63 

0.78 

3.18 

WFRD 

3 

82.7 

288 

1.00 

0.67 

0.30 

1  28 

6 

82.7 

288 

1.30 

0.67 

0.29 

1.26 

9 

20.7 

288 

1.30 

0.71 

0.50 

1  70 

SFCRD 

3 

82.7 

288 

1.00 

0.75 

0.34 

1.44 

6 

82.7 

288 

1.30 

0.77 

0.35 

1.48 

9 

20.7 

288 

1.30 

1.69 

0.91 

3.51 

RAM 

RATIO 

BIAS  (B),% 

1.00 

0.28 

1.30 

tl 

1.30 

•1 

1.00 

1  00 

0.22 

1.30 

•• 

1  30 

1  00 

II 

1  00 

0.31 

1.30 

II 

1.30 

II 

1.00 

1.00 

0.28 

1.30 

■  1 

1.30 

II 

1  00 

II 

1.00 

0.22 

1.30 

II 

1.30 

•1 

1.00 

II 

1  00 

028 

1  30 

*1 

1  30 

•1 

1  00 

ft 

1  00 

0.48 

1.30 

0.51 

1.30 

0.80 

1  00 

0.47 

1.00 

0.49 

1.30 

1  30 

1  00 

- 

1.00 

0.68 

1.30 

0.74 

1  30 

0.96 

1.00 

0.68 

Table  5-4 


CEPR  Calculated  Performance  Parameter  Uncertainty  Estimates 


Table  5-5  RAE(P>  Calculated  Performance  Parameter  Pricer  taint  v  Estimates 


*1 


PARAMETER 

TEST  CONDITION 

ERROR. 

PERCENT 

OF  READING 

NO. 

P2,kPa 

T2,  K 

RAM  RATIO 

BIAS(B),% 

PREC.(S),% 

UNCERT.(U),% 

NLQNH 

3 

82.7 

288 

1.00 

0.03 

0.03 

0.09 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

II 

It 

II 

NHRO 

3 

82.7 

288 

1.00 

0.11 

0.02 

0.16 

6 

82.7 

288 

1.30 

II 

II 

" 

9 

20.7 

288 

1.30 

II 

■  1 

■  1 

T7Q2 

3 

82.7 

288 

1.00 

0.21 

0.03 

0.27 

6 

82.7 

288 

1.30 

•1 

II 

II 

9 

20.7 

288 

1.30 

II 

II 

II 

P7Q2 

3 

82.7 

288 

1.00 

0.3B 

0.06 

0.51 

6 

82.7 

288 

1.30 

II 

II 

II 

9 

20.7 

288 

1.30 

0.57 

0.24 

1.05 

NLRD 

3 

82.7 

288 

1.00 

0.11 

0.03 

0.17 

6 

82.7 

288 

1.30 

II 

II 

It 

9 

20.7 

288 

1.30 

II 

II 

II 

WA1RD 

3 

82.7 

288 

1.00 

0.79 

0.03 

0  84 

6 

82  7 

288 

1.30 

•1 

0.03 

0  84 

9 

20.7 

288 

1.30 

0.97 

0.07 

1.11 

FNRD 

3 

82  7 

288 

1.00 

0.33 

0.05 

0.44 

6 

82.7 

288 

1.30 

0.34 

0.07 

0.48 

9 

20.7 

288 

1.30 

1.54 

0.30 

2  13 

WFRD 

3 

82.7 

288 

1.00 

0.38 

0.03 

0.44 

6 

82.7 

288 

1.30 

0.39 

'• 

0  45 

9 

20.7 

288 

1.30 

0.81 

0.08 

0  97 

SFCRD 

3 

82.7 

288 

1.00 

0  48 

0.06 

0  61 

6 

82.7 

288 

1.30 

0.44 

C  07 

0  59 

D 

20.7 

288 

1.30 

1.44 

0.31 

2  05 

Table  5-6 


NRCC  Calculated  Performance  Parameter  Uncertainty  Fstlmates 


PARAMETER 

TEST  CONDITION 

ERROR, 

PERCENT  OF 

READING 

NO. 

P2,kPa 

T2,K 

RAM 

RATIO 

BIAS  (B),  % 

PREC.(S)  % 

UNCERT.(U),  % 

NLQNH 

D 

AMBIENT 

AMBIENT 

1.00 

0.09 

0.00 

0.09 

NHR 

m 

AMBIENT 

AMBIENT 

1.00 

0.22 

0.09 

0.40 

T7Q2 

D 

AMBIENT 

AMBIENT 

1.00 

0.53 

0.19 

0.91 

P7Q2 

D 

AMBIENT 

AMBIENT 

1.00 

0.13 

0.06 

0.25 

NLR 

D 

AMBIENT 

AMBIENT 

1.00 

0.22 

0.09 

0.40 

WA1R 

D 

AMBIENT 

AMBIENT 

1.00 

0.60 

0.04 

0.68 

FNR 

D 

AMBIENT 

AMBIENT 

1.00 

0.43 

0  10 

0  63 

WFR 

SO 

AMBIENT 

AMBIENT 

1.00 

0.45 

0.13 

0  71 

SFCR 

11 

AMBIENT 

AMBIENT 

1.00 

0.60 

0.14 

0.88 

Table  5-7  Tl'AF  Calculated  Performance  Parameter  Uncertainty  Estimates 


PARAMETER 

TEST  CONDITION 

ERROR,  PERCENT  OF  READING 

NO. 

P2,kPa 

T2,K 

RAM  RATIO 

BIAS  (B),% 

_ i 

PRECIS), % 

UNCERT.(U),% 

NLQNH 

D 

AMBIENT 

AMBIENT 

1.00 

N 

A 

N 

A 

0.81 

NHR 

11 

AMBIENT 

AMBIENT 

1.00 

0  61 

T7Q2 

11 

AMBIENT 

AMBIENT 

1.00 

| 

0  45 

P7Q2 

11 

AMBIENT 

AMBIENT 

1.00 

1 

0.19 

NLR 

11 

AMBIENT 

AMBIENT 

1.00 

0  67 

WA1R 

11 

AMBIENT 

AMBIENT 

1.00 

] 

0  31 

FNR 

11 

AMBIENT 

AMBIENT 

1.00 

■ 

. 

0  52 

WFR 

11 

AMBIENT 

AMBIENT 

1.00 

1 

1  12 

SFCR 

11 

AMBIENT 

AMBIENT 

1.00 

1 

. 

1  23 

TARLE  6-1  ESTTMATTO  LWCFPTAINIY  INTERVAL  CALCLTATICNS 


TC  3  TC  6  |  TC  9 

I'ncertaintv  Estimates  from  Table  5-2  through  5.5  (U  and  U  ) 

i  y  z 


NASA 

AHJC 

CFPr 

RAP(P) 

Median  J 

NASA 

AFTC 

CEPr 

REA(P) 

Median  | 

NASA 

AFDC 

CEPr 

HAE(P) 

Median 

FNRD 

0.71 

1.18 

0.60 

0.49 

0.65  i 

0.86 

1.24 

1.07 

0.48 

0.96 

3.18 

1.55 

2.04 

2.13 

2.08 

SFCKD 

i  .44 

1.73 

0.74 

0.61 

1.09  1 

1.48 

1.84 

1.16 

0.59 

1.32 

3.51 

2.08 

2.13 

2.05 

2.10 

WURD 

0.74 

0.75 

0.41 

0.84 

0.75 

0.73 

0.75 

0.57 

0.84 

0.74 

2.56 

0.75 

1.00 

1.11 

1.05 

P  7Cp 

O.J1 

0.70 

0.51 

0.51 

0.11 

0.70 

0.51 

0.51 

0.45 

0.70 

1.05 

0.70 

NURD 

0.24 

0.54 

0.16 

0.24 

0.24 

0.54 

0.17 

0.24 

0.24 

0.54 

0.17 

0.24 

Uncertainty  Interval 


A  *  (i  ■  ’•) 


y  v.  ?. 

Slope 

*L 

dz 

1  1 

lut 

Med 

Slope 

dz 

Uncert  Int 

Z 

Max  Med 

Slcpe  dv 
dz 

Uncert  Int 

Z 

Max  Med 

fNRD  V.  P7(# 

1.9 

2.8 

2.3 

1.8 

2.8 

2.6 

2.3 

6.5 

5.4 

SHTFD  V.  FNRD 

O 

3.2 

2.2 

0.1 

3.4 

2.6 

0.2 

5.7 

4.3 

IAIR0  V.  NIPT 

2.0 

2.2 

1.8 

1.9 

2.2 

1.8 

2.0 

4.0 

2.3 
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Elemental  Error  Audit  for  the  Basic  Measurement  of  Intake  Total  Pressure 
percent  of  mid-thrust -level  reading;  low  alt.  TC6  (■■)  ,  high  alt  TC9 
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Fig.  5.4  Estimated  Errors  for  Basic  .vo.'tsu  remen  is 
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2  X 
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ERROR  PROPAGATION 
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INFL.COEFF  CURVE  SHIFT 
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EN 
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WA 
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WAX  »/* 
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NL/\  II 
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calc  T5  41  5 
turb  flow  funct 


1)  Facility  instrumentation  separate  from  referee 

2)  Ratio  of  measured  thrust  vs  calculation  from  NPR 

3)  Ratio  of  measured  vs  calculated  airflow 

4)  T4;(T5)  can  be  calculated  from  fuel/air  ratio  and  compr  discharge  temp 

5)  WA  \  T4  /  P3  ;  should  be  constant 

6)  Various  stations,  (see  fig.2-1!  defines  impulse  correction  to  stand  force 


Fig.  6.1  Schematic  of  Data  Flow 
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Fig.  6.6 


Differences  in  Cross  Thrust  between  First  and  Second  Data  Scans 
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APPENDIX  II 

NAPC  Measurement  Uncertainty 

Information  giving  the  Test  Facility  Description, 
the  Primary  Test  Measurements  and  the  Measurement  Uncertainty  was  taken  from  Ref. 12,  App.  VIII 


TEST  FACILITY 

The  NAPC  outdoor  test  site  is  an  open  air  ground-level  test  facility  located  at  Lakehurst,  NJ,  The 
turntable  test  stand  is  set  in  the  centre  of  an  asphalt  and  concrete  pad  completely  exposed  to  the  open 
air  in  order  to  eliminate  any  of  the  test  stand  effects  commonly  encountered  in  enclosed  test  facilities. 
The  turntable  test  stand  consists  of  a  rotating  platform  with  a  thrust  bed  supported  by  lour  short 
flexures  that  permit  axial  movement.  Engine  instrumentation,  fuel  and  test  stand  servicer  are  provided 
from  a  boom  over  the  centre  of  rotation  of  the  turntable.  A  movable  shelter  is  used  to  protect  the  test 
stand  from  the  elements  when  the  engine  is  not  being  tested. 

Installation  Configuration 

Engine  615037  mounted  in  the  UETP  test  frame  was  installed  on  the  turntable  thrust  bed.  Two  NAPC 
manufactured  adaptor  spool  pieces  were  used  to  connect  the  UETP  engine  inlet  duct  to  an  NAPC  provided  air¬ 
flow  measuring  station  and  bellmouth  with  a  stone  guard,  all  of  which  were  mounted  on  the  thrust  bed. 


PRIMARY  TEST  MEASUREMENTS 
Thrust  Measuring  System 

The  thrust  measurement  system  consisted  simply  of  a  strain-gauge  type  load  cell  mounted  below  the  thrust 
bed  along  the  centre  line  of  the  engine.  A  spring  rate  check  to  ensure  the  free  movement  of  the  thrust  bed 
and  calibration  of  the  load  cell  were  performed  for  three  different  turntable  position®  (1C,  190,  '.'0  deg) 
to  ensure  that  there  was  no  difference  in  the  thrust  measurement  due  to  the  turntable  position. 

Airflow  Metering  System 

The  Station  1.0  (facility)  airflow  measurement  station  consisted  of  a  spool  piece  1.027  m  long,  0.911  m 
inside  diameter  containing  a  nine-fingered  freestream  total  pressure  rake  and  four  wail  static  pressure 
taps.  Station  1.0  air  temperature  was  measured  by  two  thermocouples  mounted  on  the  bellmouth  stone  guard. 

Fuel  Flow  Metering  System 

The  engine  fuel  flow  was  measured  using  two  NAPC  turbine  fuel  flow  meters  and  the  fuel  temperature.  The 
meters  were  calibrated  in-house  with  test  equipment  traceable  to  the  NBS. 

MEASUREMENT  UNCERTAINTY 

The  procedures  for  calculating  measurement  uncertainty  were  those  laid  out  by  Abernethy  (Reference  2  )  and 
are  described  in  a  separate  report.  For  the  purpose  of  data  comparison,  the  relevant  values  are  listed 
below: 

NAPC  CALCUI.TATED  PERFORMANCE  PARAMETER  UNCERTAINTY  ESTIMATES 


Para¬ 

meter 

Test  Condition 

Er. or , 

Percent  of  Reading 

No 

P 

T 

Ram 

Bias 

Prec 

Uncert 

2 

2 

Ratio 

B 

S 

1 

kPa 

K 

percent 

percent 

percent 

NI.QNH 

11 

AMB I  ENT 

AMBIENT 

1 .00 

0.01 

0.01 

0.0? 

NilR 

11 

AMBIENT 

AMB I  ENT 

1.00 

0.23 

0.05 

0.32 

T7l)’2 

11 

AMBIENT 

AMBIENT 

1.00 

0.43 

O.Ofi 

0.61 

P7Q2 

1  1 

AMBIENT 

AMBIENT 

1  .00 

0.02 

0.03 

O.Ofi 

NLK 

11 

AMBIENT 

AMBIENT 

1.00 

0.23 

0.05 

0.32 

WAIR 

1 1 

AMBIENT 

AMFIFNT 

l  .00 

0.29 

0.  1  1 

0.50 

FNR 

n 

AMBIENT 

AMRTENT 

l  .00 

0. 19 

0.12 

0.42 

WFR 

i  i 

AMBIENT 

AMB I  ENT 

1  .00 

0.21 

0.31 

0.82 

SFCR 

n 

AMBIENT 

AMBIENT 

1.00 

0.28 

0.33 

0.93 

PS7g2 

1 1 

AMBIENT 

AMBIENT 

1.00 

0.03 

0.07 

0.  18 

APPENDIX  III  NOMENCLATURE 


B 

BM 

BPP 

CD8 

CG8 

DMP 

EPP 

EPR(=P7Q2) 

EV 

FG 

FN 

FNRD 

GTP 

IC 

IP 

NH 

NHDR 

NL 

NLRD 

NPR 

P 

RR 

S  (=PI) 
SFCRD 
T 
V 

UETP 

WA 

WAIRD 

WF 


Bias  Limit 

Basic  Measurement 

Basic  Physical  Parameter 

Nozzle  Flow  Coefficient 

Nozzle  Thrust  Coefficient 

Defined  Measurement  Process 

Engine  Performance  Parameter 

Engine  Pressure  Ratio 

Elemental  Value 

Gross  Thrust 

Net  Thrust 

Net  Thrust  Referred  to  Desired  Conditions 

General  Test  Plan 

Influence  Coefficient 

Input  Parameter 

Lower  Heating  Value  of  Fuel 

High  Pressure  Compressor  RPM 

High  Pressure  Compressor  RPM  Referred  to  Desired  Condition 
Low  Pressure  Compressor  RPM 

Low  Pressure  Compressor  RPM  Referred  to  Desired  Condition 

Nozzle  Pressure  Ratio 

Total  Pressure 

Ram  Ratio 

Precision  Index 

Specific  Fuel  Consumption  Referred  to  Desired  Condition 

Total  Temperature 

Uncertainty  of  Measurement 

Uniform  Engine  Testing  Programme 

Facility-Measured  Air  Flow 

Facility-Measured  Air  Flow  Referred  to  Desired  Condition 
Fuel  Flow 


x 


z 

C  95 
N 

6 

0 


error  source 
primary 

comparison  parameter 

tnul  tipi  ication  factor  to  denote  confidence  limits 
number  of  samples 

pressure  referred  to  standard  conditions 
temperature  referred  to  standard  conditions 
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APPENDIX  IV 
GLOSSARY 


Accuracy  -  The  closeness  or  agreement  between  a  measured  value  and  a  standard  or  true  value;  uncertainty 
as  used  herein,  is  the  maximum  inccuracy  or  error  that  may  be  expected  (see  measurement  error). 

Average  Value  -  The  arithmetic  mean  of  N  readings.  The  average  value  is  calculated  as: 


X  *  average  value  ”  N 

Bias  (B)  -  The  difference  between  the  average  of  all  possible  measured  values  and  the  true  value.  The 
systematic  error  or  fixed  error  which  characterizes  every  member  of  a  set  of  measurements  (Fig.  IV-1). 


Calibration  -  The  process  of  comparing  and  correcting  the  response  of  an  instrument  to  agree  with  a 
standard  instrument  over  the  measurement  range. 

Calibration  Hierarchy  -  The  chain  of  calibrations  which  link  or  trace  a  measuring  instrument  to  the 
National  Bureau  of  Standards. 

Coverage  -  A  property  of  confidence  intervals  with  the  connotation  of  including  or  containing  within  the 
interval  with  a  specified  relative  frequency.  Ninety-five-percent  confidence  intervals  provide  95-percent 
coverage  of  the  true  value.  That  is,  in  repeated  sampling  when  a  95-percent  confidence  interval  is 
constructed  for  each  sample,  over  the  long  run  the  intervals  will  contain  the  true  value  95-percent  of  the 
time . 


Cycle  -  A  whole  period  of  any  multiplexer. 

Data  Point  -  Can  be  made  up  from  a  number  of  scans,  resulting  in  an  average  in  time  and/or  place  (i.e. 
number  of  pick-ups) . 

Defined  Measurement  Process  -  DMP  encompasses  the  overall  procedure , including  calibration,  etc.,  to  arrive 
at  a  desired  test  result  using  a  specified  installation  or  installations. 

This  may  be  a  single  test  point,  a  least  squares  curve  fit  of  a  number  of  test  points,  or  a 
collection  of  such  fits  for  different  test  conditions.  Any  error  that  propagates  to  the  result  as  a 
fixed  error  is  classified  as  bias,  otherwise  it  is  precision.  What  is  bias  for  a  single  point  or 
curve  becomes  precision  overall,  with  a  remnant  test  bias  and  -  of  course  -  the  possibility  of  an 
installation  bias. 

Degrees  of  Freedom  (df)  -  A  sample  of  N  values  is  said  to  have  N  degrees  of  freedom,  and  a  statistic 

calculated  from  it  is  aLso  said  to  have  N  degrees  of  freedom.  But  if  k  functions  of  the  sample  values 
are  held  constant,  the  number  of  degrees  of  freedom  is  reduced  by  k.  For  example,  the  statistic 
N  _  2 

-  X)  ,  where  X  is  the  sample  mean,  is  said  to  have  N  -  1  degrees  of  freedom.  The  justification 
for  tnle  is  that  (a)  the  sample  mean  is  regarded  as  fixed  or  (b)  in  normal  variation  the  N  quantities 
(Xj  -  X)  are  distributed  Independently  of  X  and  hence  may  be  regarde  as  N  -  1  independent  variates  or 
N  variates  connected  by  the  linear  relation  E(Xj  -  X)»  0. 

Dwell  -  Time  during  which  a  transducer  is  connected  to  a  pick-up;  includes  Settling  (line  or  filter 
stabilisation)  and  reading. 

Elemental  Error  -  The  bias  and/or  precision  error  associated  with  a  single  component  nr  process  in  a  chain 
of  components  or  processes. 

Fossilisation  -  random  (live)  errors  in  a  single  calibration  run  give  rise  to  an  uncertainty  in  the  value 
of  the  calibration  constants,  which  becomes  a  fixed  "fossilized"  bias  when  this  calibration  is 
applied  to  measurement  results. 

Laboratory  Standard  -  An  instrument  which  is  calibrated  periodically  at  the  NBS.  The  laboratory  standard 
may  also  be  called  an  Inter  lab  standard. 
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Mathematical  Model  -  A  mathematical  description  of  a  system.  It  may  be  a  formula,  a  computer  program,  or  a 
statistical  model. 

Measurement  Error  -  The  collective  term  meaning  the  difference  between  the  true  value  and  the  measured 
value.  Includes  both  bias  and  precision  error;  see  accuracy  and  uncertainty.  Accuracy  implies.  small 
measurement  error  and  small  uncertainty. 

Multiple  Measurement  -  More  than  a  single  concurrent  measurement  of  the  same  parameter. 

Multiplexer  -  A  unit  which  connects  a  number  of  pick-ups  sequentially  to  a  transducer,  or  a  number  of 
transducers  to  a  recorder. 

NBS  -  National  Bureau  of  Standards. 

Parameter  -  An  unknown  quantity  which  may  vary  over  a  certain  set  of  values.  In  statistics,  it  occurs  in 
expressions  defining  frequency  distributions  (population  parameters).  Examples:  the  mean  of  a  normal 
distribution,  the  exptected  value  of  a  Poisson  variable. 

Precision  Error  -  The  random  error  observed  in  a  set  of  repeated  measurements.  This  error  is  the  result  of 
a  large  number  of  small  effects,  each  of  which  is  negligible  alone. 

Precision  Index  -  The  precision  Index  is  defined  herein  as  the  computed  standard  deviation  of  the 
measurements . 


s 


usually. 


but  sometimes  S 


Random  Error  Limit  of  Curve  Fit  (RELCF)  -  The  limits  on  both  side  of  a  fitted  curve  within  which  the  true 
curve  is  expected  to  lie,  with  957  probability;  apart  from  a  possible  bias  error  of  the  DMP.  It  is 
calculated  from  observed  random  statistical  data,  including  the  Residual  Standard  Deviation. 

Reading  -  A  number  of  samples  or  an  avaragecf  value  taken  during  a  dwell. 

Sample  -  A  single  value  giving  the  momentary  output  of  a  transducer,  possibly  via  a  (low  pass)  filter. 

Sample  Size  (N)  -  The  number  of  sampling  units  which  are  to  be  included  in  the  sample. 

Scan  -  A  period  during  which  all  pick-ups  have  been  read  at  least  once. 

Standard  Deviation  (a)  -  The  most  widely  used  measure  of  dispersion  of  a  frequency  distribution.  It  is  the 
precision  index  and  is  the  square  root  of  the  variance.  S  is  an  estimate  a  calculated  from  a  sample 
of  data. 


Standard  Error  of  Estimate  (also  known  as  Residual  Standard  Deviation  (RSD))  -  The  measure  of  dispersion 
of  the  dependent  variable  (output)  about  the  least-squares  line  in  curve  fitting  or  regression 
analysis.  It  is  the  precision  index  of  the  output  for  any  fixed  level  of  the  independent  variable 
input.  The  formula  for  calculating  this  is 


N  2 

S  -  N  /  Y  -Y  \ 

EE  I  i-1  \  OBS  CAL J 

I  N-K 

for  a  curve  for  N  data  points  in  which  K  constants  are  estimated  for  the  curve. 

Standard  Error  of  the  Mean  -  An  estimate  of  the  scatter  in  a  set  of  sample  means  based  on  a  given  sample 
of  size  N.  The  sample  standard  deviation  (S)  is  estimated  as 

s  -  |  (x  -  xr/<N-n 

Then  the  standard  error  of  the  mean  is  S/  |(  N.  In  the  limit,  as  N  becomes  large,  the  standard  error 
of  the  mean  converges  to  zero,  while  the  standard  deviation  converges  to  a  fixed  non-zero  value. 

Statistic  -  A  parameter  value  based  on  data.  X  and  S  are  statistics.  The  bias  limit,  a  judgement,  is  not  ? 
statistic. 


Statistical  Confidence  Interval  -  An  interval  estimate  of  a  population  parameter  based  on  data.  The 

confidence  level  establishes  the  coverage  of  the  interval.  That  is,  a  9S-percent  confidence  interval 
would  cover  or  include  the  true  value  of  the  parameter  95-percent  of  the  time  in  repeated  sampling. 


Student’s  "t"  Distribution  (t)  -  The  ratio  of  the  difference  between  the  population  mean  and  the  sample 
mean  to  a  sample  standard  deviation  (multiplied  by  a  constant!  in  samples  from  a  normal  population. 
It  is  used  to  set  confidence  limits  for  the  population  mean. 


Traceability  -  The  ability  to  trace  the  calibration  of  a  treasuring  device  through  a  chain  of 
to  the  National  Bureau  of  Standards. 


calibrations 


Transducer  - 
measure 


A  device  for  converting  mechanical  stimulation  into  an  electrical 
quantities  like  pressure,  temperature,  and  force. 


signal . 


It 


is  used  to 
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Transfer  Standard  -  A  laboratory  instrument  which  is  used  to  calibrate  working  standards  and  which  is 
periodically  calibrated  against  the  laboratory  standard. 

True  Value  -  The  reference  value  defined  hv  the  National  bureau  of  Standards  which  is  assumed  to  be  the 
true  value  of  any  measured  quantity. 

Uncertainty  (U)  -  The  maximum  error  reasonably  expected  for  the  defined  measurement  process: 

U  -  +  (R  +  t95S). 

Variance  (c~)  -  A  measure  of  scatter  or  spread  of  a  distribution.  It  is  estimated  by 

-  X)  from  a  sample  of  data.  The  variance  Is  the  square  of  the  scandard  deviation. 
s  "  — NTT 

Working  Standard  -  An  instrument  which  is  calibrated  in  a  laboratory  angainst  an  interlab  or  transfer 
standard  and  is  used  as  a  standard  in  calibrating  measuring  instruments . 


APPENDIX  V 


DESCRIPTIONS  OF  GROUND-LEVEL  TEST  BEDS  AND  ALTITUDE  TEST  CELLS 

The  descriptions  given  in  this  Appendix  reflect  the  capability  of  each  facility  at 
the  time  of  its  participation  in  the  UETP.  Subsequent  changes  or  improvements  are 
not  included. 


(A)  GROUND -LEVEL  TEST  BEDS 

1 .  NATIONAL  RESEARCH  COUNCIL  CANADA  -  TEST  CELL  No  5 

1 . 1  Description 

1 .1 .1  Test  Facility 

The  test  cell  used  for  the  UETP  is  designated  Cell  No  5  and  is  one  of  three 
ground-level  gas  turbine  test  cells  in  the  Engine  Laboratory.  This  cell  is 
capable  of  handling  engines  of  up  to  140  kg/s  air  inflow.  Since 
environmental  control  is  not  available,  the  test  condition  is  dictated  by 
local  ambient  temperature  and  pressure.  A  sectional  elevation  and  plan 
view  of  Cell  No  5  are  given  in  Figure  A. 

1.1.2  Installation  Conf iguration 

The  UETP  test  engine  was  floor  mounted  and  a  facility  bellmouth  and 
airmeter  were  fitted.  Engine  efflux  and  entrained  secondary  air  were 
ducted  from  the  cell  through  a  2m  diameter  exhaust  collector  to  a  vertical 
silencer  that  discharged  to  the  atmosphere.  A  1m  diameter  insert  in  the 
collector  tube  allowed  reduction  of  the  induced  secondary  cell  flow  to  6 
m/s  or  less. 

1 .2  Primary  Test  Measurements 

1 .2.1  Thrust  Measuring  System 

The  test  engine  was  mounted  on  a  thrust  bed  which  in  tum  was  suspended 
through  flexure  plates  to  a  mounting  frame  anchored  to  the  floor.  A  series 
of  strain  gauge  type  load  cells  was  available  for  placement  between  the 
thrust  bed  and  mounting  frame.  The  load  cell  used  was  calibrated  in  a 
deadweight  tester,  which  is  periodically  checked  against  the  Canadian 
Standards  of  Mass,  NRCC.  Friction  and  bending  forces  produced  by  the 
flexible  plates  were  determined  by  a  center-pull  calibration. 

The  facility  bellmouth  airmeter  assembly  was  attached  ahead  of  the 
reference  airmeter.  A  hard  mounted,  hemispherically  shaped  nosebullet  was 
mounted  on  an  extension  of  the  reference  airmeter  centrebody.  The 
bellmouth  forces  were  transmitted  to  the  engine  stand,  but  decoupled  from 
the  engine  and  centred  on  the  engine  axis  via  a  low  stiffness  inflatable 
seal. 

The  method  of  thrust  accounting  eliminated  the  need  for  a  separate 
measurement  of  the  bellmouth  and  nosebullet  forces.  However,  static 
pressure  data  were  obtained  from  a  series  of  static  taps  in  radial  lines  on 
the  nose  bullet  and  bellmouth. 


ENGINE  LABORATORY  -  NRCC 


48 


1 .2.2  Airflow  Metering  System 

The  compressor  airflow  was  measured  in  an  annular,  straight  measuring 
section,  placed  between  the  compressor  inlet  and  bellmouth,  by  means  of 
total  pressure  taps  on  the  inner  and  outer  walls. 

1 .2.3  Fuel  Flow  Metering  System 

Two  NRCC  turbine  fuel  flowmeters  were  installed  in  series  at  the 
engine/test  cell  interface.  These  flowmeters  had  been  calibrated  by  the 
manufacturer  using  the  ballistic  flow  method.  Fuel  temperature  was 
measured  in  the  supply  line  near  the  flowmeter  exit  with  'Type  7  (copper- 
constantan)  thermocouples.  Fuel  mass  flow  was  calculated  using  the 
measured  fuel  temperature,  the  Indicated  frequency  from  the  turbine 
flowmeters,  and  the  flowmeter  calibration  curve.  Calibration  data  were 
used  to  prepare  curves  of  meter  output  frequency  per  unit  volume  as  a 
function  of  a  corrected  frequency.  The  corrected  frequency  is  defined  as 
the  indicated  frequency  divided  by  actual  fuel  kinematic  viscosity  which  is 
calculated  from  fuel  sample  properties  and  the  measured  fuel  temperature. 

1 .3  Data  Acquisition  and  Reduction 

Raw  engine  data  were  acquired  by  a  Data  Acquisition  System  (DAS), 
comprising  a  minicomputer  and  a  Compact  System  Controller  (CSC).  The  low- 
level  signals  were  filtered  by  10  Hz  filters  and  then  amplified  to  +5  VDC 
full  scale  (nominal),  before  digitisation  in  the  CSC.  High  level  signals 
bypassed  the  amplifiers,  but  were  filtered  prior  to  digitisation.  The 
digitisation  was  done  with  a  12  bit  analogue-to-digltal  converter,  giving 
a  resolution  of  0.024%  of  full  scale. 

Pressure  signals  were  mechanically  multiplexed  using  scanivalves  and 
externally  mounted  capacitive  type  pressure  transducers.  Two  calibration 
pressures  were  connected  to  each  scanivalve  to  verify  the  calibration  on 
each  scan.  Temperature  signals  were  converted  from  thermocouple  wire  to 
copper  using  temperature  reference  plates;  the  plate  temperature  being 
measured  with  thermocouples  referenced  to  an  electronic  ice-point. 

Following  a  five  minute  engine  stabilization  period,  two  back  to  back  data 
scans  were  made  at  each  test  point,  each  scan  taking  approximately  6 
minutes.  Steady-state  engine  performance  data  were  obtained  by  sampling 
each  parameter  input  sipial  at  a  constant  rate  of  approximately  100  Hz  over 
a  short  time  period  (ranging  from  1  to  10  seconds  depending  on  the 
parameters),  and -then  averaging  arithmetically  to  yield  a  single  value. 
The  raw  data  for  each  test  point  were  reduced  to  engineering  units  using 
pre-stored  calibrations  and  displayed  on  a  video  screen.  A  visual 
comparison  of  DAS  acquired  data  to  those  displayed  on  the  read-out 
instruments  was  made  for  verification  before  storage  on  a  magnetic  disk. 
Measured  or  calculated  parameters  could  be  cross  plotted  on  an  analogue  X-Y 
recorder. 

2.  CENTRE  D'ESSAIS  DES  PR0PULSEURS  TEST  STAND  TO 

2.1  Description 

2.1.1  Test  Facility 

Engine  test  stand  TO  can  provide  erglne  tests  at  ground-level  conditions. 
Airflow  rates  up  to  1200  kg/s  are  available  in  this  stand,  the  dimensions 
of  which  are:  10,2  x  10,85  x  26  m.  A  sectional  elevation  is  given  in 
Figure  B. 
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2.2.1  Thrust  Measuring  System 

The  engine  was  mounted  on  a  thrust  measuring  system  supported  by  four  thin 
blades.  The  thrust  was  measured  by  a  load  cell.  The  engine  inlet  duct 
was  isolated  from  the  bellmouth  by  a  zero  leakage  seal. 

2.2.2  Airflow  Metering  System 

Airflow  was  metered  by  measuring  the  total  and  static  pressures,  total 
temperature  and  ooundary  layer  profile  downstream  of  the  bellmouth.  A 
cooled  exhaust  diffuser  and  a  silencer  ducted  the  exhaust  gases  to 
atmosphere. 

2.2.3  Fuel  Flow  Metering  System 

Two  fuel  systems  covered  three  ranges  of  fuel  flow  up  to  7.5,  24  and 
36  m3/h  respectively.  Fuel  was  metered  with  volumetric  flowmeters 
calibrated  by  CEPr. 

2.2.4  Pressure  Measurements 

The  facility  can  provide  either  144  pressure  lines  through  a  scanning  valve 
system  or  24  direct  lines.  Pressure  lines  and  thermocouple  wires  were 
supported  from  a  bearing  located  above  the  engine  to  minimise  their 
influence  on  the  thrust  frame. 

2.2.5  Temperature  Measurements 

264  thermocouple  wires  with  multiplexed  lines  or  40  with  direct  lines  can 
be  used.  They  are  routed  to  X  reference  junctions.  Also  available  are 
10  lines  for  flow  measurements,  speed  measurement  and  checking  measurement 
(strain  gauges  :  30,  accelerometers: 40) . 

2.3  Data  Acquisition  Processing  System 

Each  time  a  data  acquisition  is  ordered,  the  computer  records  all  the  data, 
executes  a  real  time  calculation  program  and  provides  the  results  on  a  line 
printer  or  non  visual  displays. 

3.  ESKISEHIR  SUPPLY  AND  MAINTENANCE  CENTER  -  TURKEY 

3.1  Description 

3.1.1  Test  Facility 

Post-maintenance/overhaul  Test  Cell  AF/M37-T6B  is  the  major  test  cell 
utilised  for  health  monitoring  and  acceptance  testing  of  turbo-jet  engines. 
It  cannot  provide  any  simulated  flight  environmental  conditions. 

The  flow  follows  a  U-Shaped  path  through  the  cell,  sound-suppressors  being 
fitted  in  the  vertical  air  inlet  and  exhaust  sections.  The  working  section 
is  10  m  high  and  7  m  wide.  Every  engine  is  tested  with  a  bellmouth  special 
to  its  model.  There  are  no  means  for  controlling  the  inlet  air  flow.  This 
condition  creates  a  natural  depression  within  the  test  chamber. 

3.1.2  Installation  Configuration 

The  UETP  engine  was  mounted  on  a  thrust  frame  which  was  linked  to  the 
ground  through  four  flexure  plates  and  which  contained  the  two  load-cells 
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for  the  thrust  measurement  system.  The  engine  had  no  connections  with  the 
air  inlet  and  exhaust  discharge  sections  of  the  test  cell.  The  inlet 
bellmouth  was  attached  directly  to  the  engine.  The  exhaust  collector  of 
the  test  cell  could  be  moved  aft  or  forward  to  achieve  the  required 
distance  between  the  engine  and  the  exhaust  collector. 

3.2  Primary  Test  Measurements 

3.2.1  Thrust  Metering  System 

The  thrust  metering  system  was  a  scale  force  thrust  stand  flexure  system 
mounted  on  the  engine  support  cart  as  shown  in  Figure  C.  The  dual  bridge 
load  cells  were  calibrated  in  situ  by  standards  traceable  to  the  National 
Bureau  of  Standards  (NBS).  The  maximum  system  capacity  is  156  kN. 

3.2.2  Airflow  Metering  System 

Airflow  is  not  normally  measured  in  this  cell.  A  rough  indication  can  be 
obtained  by  measuring  the  depressions  in  the  test  chamber  and  at  the  engine 
inlet  (bellmouth).  For  the  (JETP  test,  airflow  was  calculated  using  the 
Station  2  instrumentation. 

3.2.3  Fuel  Flow  Metering  System 

Fuel  is  metered  with  turbine  volumetric  flowmeters.  A  high  range  and  a  low 
range  metering  system  with  two  flowmeters  in  each  range  are  provided  to 
maintain  the  desired  level  of  accuracy  at  all  flow  conditions.  The  meters 
are  electronically  calibrated  and  can  compensate  for  changes  in  the 
specific  gravity  of  the  test  fuel. 

3.3  Data  Acquisition/Processing  System 

There  is  no  Digital  Data  Acquisition  System.  In  normal  use  recording  and 
calculations  are  performed  manually  with  the  use  of  some  charts  when 
applicable.  Data  are  recorded  and  kept  on  standard  log-sheets/charts.  For 
the  UCTP  the  data  were  fed  manually  into  a  micro  computer  with  an  analysis 
program  developed  for  this  purpose. 
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(B)  ALTITUDE  TEST  CELLS 

5.  NASA  LEWIS  RESEARCH  CENTER  TEST  CELL  PSL  3 

5.1  Description 

5.1.1  Test  Facility 

Propulsion  System  Laboratory -Test  Cell  3  (PSL-3)  has  a  working  section 
diameter  of  7.3  m  and  is  one  of  two  major  test  cells  utilised  for  air 
breathing  propulsion  system  testing  at' NASA  Lewis  Research  Center.  The  PSL 
can  provide  simulated  flight  environmental  conditions  ranging  from  1 ,500  m 
to  24,400  m  and  from  0  to  3.0  flight  Mach  numbers.  Airflow  rates  up  to  34C 
kg/sec  are  available  for  air-breathing  propulsion  system  testing. 

5.1.2  Installation  Configuration 

The  NASA  UETP  utilised  a  typical  direct-connect  turbine-engine  test 
configuration.  The  engine  was  mounted  on  a  thrust  stand,  as  shown  in 
Figure  D,  which  contained  the  thrust-measuring  system.  The  engine  inlet 
duct  was  isolated  from  the  bellmouth  and  upstream  ducting  by  a  labyrinth 
seal.  Airflow  was  conditioned  to  a  uniform  velocity  profile  upstream  of 
the  bellmouth  inlet  by  flow  straightening  screens  and  grid  assembly.  The 
temperature  and  pressure  levels  could  be  either  manually  or  automatically 
controlled  at  the  engine  inlet  and  exhaust  to  simulate  the  desired  altitude 
and  Mach  number  test  conditions.  A  fixed  geometry,  water-cooled  exhaust 
diffuser  was  used  to  collect  the  exhaust  gases  and  direct  them  to  the  PSL 
exhaust  system. 

5.1.3  Environmental  Control  System 

The  temperature  environment  of  the  engine  during  testing  as  controlled  by 
cooling  air  supplied  from  a  torus  manifold  at  the  upstream  end  of  the  test 
cell.  The  flow  was  regulated  to  maintain  the  test  cell  temperature  within 
specified  limits.  The  environment  pressure  was  controlled  by  valves  in  the 
facility  exhaust  ducting.  The  velocity  over  the  nozzle  external  surface 
was  controlled  by  sizing  the  engine  exhaust  diffuser  to  the  range  of  engine 
operating  conditions  and  to  the  plant  exhauster  capabilities. 

5.2  Primary  Test  Measurements 

5.2.1  Thrust  Metering  System 

The  thrust  metering  system  is  a  scale  force  thrust  stand,  flexure  mounted 
to  the  test  chamber  supports  as  shown  in  Figure  D,  and  free  to  move  except 
as  restrained  by  a  dual  load-cell  system  that  allows  the  thrust  stand  to  be 
preloaded  and  operated  as  a  null  position  system,  ie  fixed  position.  The 
dual-bridge  load  cells  are  calibrated  by  standards  traceable  to  the 
National  Bureau  of  Standards  (NBS! 

5.2.2  Airflow  Metering  System 

The  NASA  method  of  determining  inlet  total  airflow  is  based  on  the 
integration  of  the  flow  per  unit  area  calculated  for  each  total  pressure 
probe  of  a  4  rake  array  and  the  assumption  that  the  static  pressure  is 
constant  across  the  duct  at  the  airflow  station  (approximately  1  duct 
diameter  downstream  of  the  labyrinth  seal).  This  assumption  was  validated 
by  a  static  pressure  survey  at  representative  test  conditions.  Based  on 
boundary  layer  and  a  few  total  pressure  and  temperature  in  the  free  stream 
were  measured. 


5.2.3  Fuel  Flow  Metering  System 

Fuel  was  metered  with  turbine,  volumetric  flowmeters.  A  high  and  low  range 
metering  system  with  two  flowmeters  in  each  range  was  provided  to  maintain 
the  desired  level  of  accuracy  for  all  flight  conditions.  The  meters  are 
'in-water'  calibrated  in  a  laboratory  traceable  to  the  NBS. 

5.3  Data  Acquisition/Processing  System 

Pneumatic  and  electrical  instrumentation,  control,  and  service  system  lines 
were  routed  from  the  engine  and  thrust  stand  to  the  test  cell  wall  in  such 
a  manner  that  the  desired  engine  thrust  measuring  accuracy  could  be 
obtained.  The  pressure  lines  routed  to  transducers  through  a  scanner  valve 
system,  and  thermocouple  wires  for  temperature  measurement  routed  to  338K 
reference  junctions.  The  electrical  signals  from  pressure  transducers, 
thermocouples,  thrust  measurement  load  cells,  and  turbine  fuel  flowmeters 
were  conditioned  for  sampling  by  Propulsion  Systems  Laboratory  Data 
Acquisition  System  (DAS). 

The  engine  and  facility  conditions  were  monitored,  real  time,  in  the 
control  room  by  sampling  of  all  parameters  and  displaying  of  selected 
parameters  using  a  test  facility  digital  computer.  At  specified 
conditions,  multiple  samples  of  all  parameters  were  recorded  by  the  DAS 
for  determination  of  engine  performance.  The  multiple  data  samples  were 
recorded  by  the  test  facility  computer  for  averaging  computation  and 
display  on  a  CRT  of  engineering  units  and  performance  parameters.  The 
engineering  unit  data  and  performance  data  were  tabulated  on  a  facility 
line  printer  and  also  transmitted  from  the  facility  computer  to  one  of 
the  NASA  Lewis  large  central  computers  for  storage,  further  analysis  and 
batch  processing.  Analysis  of  the  stored  data  could  also  be  performed  on 
interactive  graphics  terminals  to  provide  the  plotted  test  results. 

6.  AEDC  ALTITUDE  TEST  CELL  T-2 

6.1  Description 

6.1.1  Test  Facility 

Propulsion  Development  Test  Cell  T-2  is  one  of  eight  test  cells  at  the  AEDC 
used  for  air-breathing  propulsion  system  testing.  Test  Cell  T-2  can 
provide  simulated  flight  environmental  conditions  from  sea  level  to 
2A,000  m  in  altitude,  flight  Mach  numbers  from  C  to  3.0,  and  airflow  rates 
up  to  360  kg/s.  The  T-2  test  chamber  is  3.75m  diameter.  The  layout  of  the 
cell  is  shown  in  Figure  E. 

6.1.2  Installation  Configuration 

The  UETP  engines  were  tested  in  a  "direct-connect"  test  configuration  with 
each  engine  mounted  on  a  support  cart  containing  the  thrust  measuring 
system.  The  engine  inlet  duct  was  isolated  from  the  bellmouth  and  upstream 
ducting  by  an  automatic  pressure  balancing,  "zero  leakage",  labyrinth  seal. 
The  engine  bellmouth  used  for  the  UETP  had  an  exit  diameter  76mm  less  than 
the  engine  face  diameter.  A  conical  spool  piece  with  a  wall  half  angle  of 
2.8  deg  was  used  to  make  the  transition  from  tne  bellmouth  exit  to  the 
engine  inlet  duct.  Plant  airflow  was  conditioned  to  a  uniform  velocity 
profile  at  the  bellmouth  inlet  by  a  flow  straightening  screen  and  grid 
assembly.  A  fixed-geometry,  water-cooled  exhaust  diffuser  was  used  to 
collect  and  direct  the  exhaust  gases  to  the  ETF  plant  exhauster  system. 
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Test  Cell  Environmental  Control  Systems 

The  temperature  and  pressure  levels  at  the  engine  Inlet  and  exhaust  were 
automatically  controlled  to  simulate  the  desired  altitude  and  Mach  number 
test  conditions.  The  test  cell  air  temperature  was  controlled  by  cooling 
air  supplied  from  a  torus  manifold  at  the  upstream  end  of  the  test  cell. 
The  flow  was  regulated  to  maintain  the  test  cell  temperature  within 
specified  limits.  The  test  cell  pressure  environment  was  controlled  with 
the  plant  exhauster  equipment. 

Test  Measurement  Systems 

Airflow 

Engine  airflow  for  the  UETP  was  metered  with  a  critical  flow  venturi 
located  upstream  of  the  inlet  flow  straightening  plenum.  The  venturi  was 
a  standard  AEDC  ETF  design  as  described  in  Reference  28.  Test  cell  leak 
checks  were  conducted  to  insure  no  duct  air  leakage  between  the  airflow 
measurement  station  and  the  engine  inlet  plane. 

Thrust 

Elastic  flexures  were  used  to  mount  the  engine  on  the  model  support  cart. 
Pneumatic  and  electrical  instrumentation,  control,  and  service  system  lines 
were  routed  perpendicularly  from  the  engine  and  support  cart  through  the 
test  cell  wall  in  a  manner  that  minimized  tare  loads  to  the  engine  thrust 
measurement  system.  Tare  loads  to  the  engine  thrust  measuring  system  were 
determined  by  a  centerline  pull  calibration.  Dual-bridge  load  cells  were 
locate  below  the  engine  centerline.  The  load  cell,  load  cell  column,  and 
thrust  stand  were  water-cooled  to  prevent  thermal  stresses.  A  water-cooled 
panel  was  used  to  cover  the  aft  portion  of  the  thrust  stand  exposed  to  the 
thermal  environment  of  the  engine  tailpipe. 

Fuel  Flow 

The  facility  fuel-flow  system  was  equipped  with  a  high-  and  low-range  flow 
leg  with  two  axial-flow  turbine  flowmeters  in  each  leg.  This  arrangement 
minimizes  the  measurement  uncertainty  by  providing  redundant  measurements 
and  by  restricting  the  flow  measurement  to  the  linear  portion  of  the  meter 
frequency  calibration  curve.  The  four  facility  flowmeters  were  calibrated 
in  the  installed  configuration  with  the  test  fuel  (Jet  A). 


Data  Acquisition/Processing  System 

Steady-state  pressure  lines  were  routed  to  transducers  located  in  a  multi¬ 
plexing  scanner  valve  system.  All  thermocouple  wires  were  routed  to  a 
338K  reference  junction  system.  The  electrical  signals  from  pressure 
transducers,  thermocouples,  thrust  measurement  load  cells,  and  turbine 
fuel  flowmeters  were  conditioned  for  sampling  by  a  Digital  Data 
Acquisition  System  (DDAS). 

A  central  data  computer  used  to  record  and  process  outputs  from  the 
steady-state,  transient,  and  high-response  instrumentation  systems.  The 
outputs  of  the  steady-state  instrumentation  were  fed  into  the  DDAS  system. 
One  hundred  ninety-two  channels  of  data  were  recorded  during  each  steady- 
state  data  point.  The  data  were  acquired  .pa  in  12  equal  time  segments 
over  one  and  one-half  minutes  with  each  segment  scanned  50  times.  The 
data  were  simultaneously  recorded  on  magnetic  tape  and  transmitted  to  the 
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digital  computer  for  conversion  to  engineering  units  and  calculation  of 
performance  parameters. 

The  output  of  selected  transient  instrumentation  was  transmitted  to  the 
DDAS  which  converts  the  signals  to  engineering  units  and  calculated 
parameters.  These  parameters  were  displayed  on  a  cathode-ray  tube  (CRT)  in 
the  control  room  at  approximately  1-sec  update  intervals  and  graphically 
displayed  on  a  CRT  in  the  computer  room  for  real-time  data  analysis. 
Transient  data  were  also  recorded  on  a  continuous  analogue  recorder  and 
magnetic  tape  in  the  frequency  modulation  (FM)  mode. 

The  output  of  the  high-response  dynamic  instrumentation  was  recorded  on 
multiplexed  ma^iet ic  tapes  at  0.76  m/sec  in  the  FM  mode. 

The  engine  and  facility  conditions  were  monitored,  real  time,  in  the 
control  room  by  sampling  selected  parameters  by  the  DDAS.  At  specified 
conditions,  multiple  samples  of  all  parameters  were  recorded  by  the  DDAS 
for  determination  of  engine  performance.  The  multiple  data  samples  were 
recorded  and  transmitted  to  the  central  facility  computer  for  averaging 
and  computation  of  engineering  units  and  performance  parameters.  The 
engineering  unit  data  and  performance  data  were  tabulated  on  a  line 
printer  and  transmitted  by  the  facility  computer  to  the  central 
AEDC  digital  computer  for  storage.  Analysis  of  the  stored  data  was 
performed  on  interactive  graphics  terminals  to  provide  the  plotted  test 
results. 

7-  CEPr  ALTITUDE  TEST  CELL  R6 

7.1  Description 

7.1.1  Test  Facility 

Test  cell  R6  is  5.5m  diameter  and  30m  long.  It  is  separated  into  two  parts 
to  allow  the  setting  of  different  upstream  and  downstream  conditions  for 
the  engine  under  test. 

Upstream  limits  are:  P  =  5  to  7C0  kPa 

T  =  243  to  923K 

Downstream  limits  are:  P  =  5  to  200  kPa 
T  =  253  to  653K 

Airflow  rates  up  to  400  kg/s  are  available. 

7.1.2  Installation  Configuration 

The  upstream  part  of  the  cell  is  provided  with  air  by  the  air-conditioning 
plant. 

At  the  engine  exhaust,  a  diffuser  is  connected  to  the  air-conditioning 
plant  which  allows  extraction  and  cooling  of  the  exhaust  gases. 

The  layout  of  the  cell  is  shown  in  Figure  F. 

7.1.3  Engine  and  Cell  Cooling 

A  cooling  low  for  both  engine  and  cell  is  p:  .  ided  to  maintain  the 
temperature  to  fixed  limits. 
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7.2  Primary  Test  Measurements 

7.2.1  Thrust  Metering  System 

The  engine  was  mounted  on  a  thrust  measuring  system  supported  on  four  thin 
blades;  the  thrust  was  measured  by  a  Baldwin  load  cell. 

The  engine  inlet  duct  was  separated  from  the  bellmouth  by  a  zero  leakage 
seal.  The  load  cell  was  calibrated  by  a  calibrated  actuator  mounted  on  the 
thrust  metering  system.  The  net  thrust  was  calculated  by  computer  using 
the  measured  thrust  with  connections  for  the  upstream  and  downstream  engine 
conditions. 

7.2.2  Airflow  Metering  System 

Airflow  was  metered  by  measuring  the  total  static  pressures,  total 
temperature  and  boundary  layer  profile  downstream  of  the  bellmouth. 

7.2.3  Fuel  Flow  Metering  System 

High  range  (  a.a  m3/h)  and  a  low  range  (1.0  m3/h)  fuel  systems  with 
volumetric  flowmeters  were  used  for  the  UETP. 

7. 2. A  Pressure  Measurements 

Test  test  facility  can  provide  288  pressure  lines  through  a  scanning-valve 
system.  8A  direct  lines  are  also  available  with  individual  transducers, 
allowing  differential  pressures,  oil,  fuel  or  any  hydraulic  system 
pressures  to  be  measured. 

7.2.5  Temperature  Measurements 

288  thermocouple  wires,  directly  or  with  multiplexed  lines  are  available. 
Each  thermocouple  has  its  reference  junction  (273K) 

7.2.6  Other  Measurements 

Ten  lines  for  flow  or  speed  measurements  and  checking  measures  can  also  be 
used. 

7.3  Data  Acquisition  System  and  Computer  Installation 

The  data  acquisition  system  includes  the  following: 

-  frequency  meter  lines:  used  for  flew  or  rotation  speed  measurements. 

-  simple  pressure  lines:  used  for  aerodynamic,  differential  or  hydraulic 

pressure;  they  each  have  their  own  transducer 
and  amplifier. 

-  scanned  pressure  lines:  2A  pressure  lines,  one  transducer  and  one 

amplifier  for  each  scanning  valve  system. 

-  temperature  measurements  use  multiplexers  with  2A  lines  each. 

There  are  two  opto-electrical  isolators  before  entering  the  computer.  The 
command  board  is  located  in  the  facility  and  gives  allowance  to  order  the 
data  acquisition,  to  choose  a  "real  time  calculation  program"  and  provide 
various  results. 


Each  time  as  data  acquisition  is  ordered,  the  computer  records  the  whole 
data  and  can  execute  a  real  time  calculation  program  and  provide  the 
results  of  measurements  and  calculations  on  a  line  printer  or  on  displays. 

8.  RAE  PYESTOCK  ALTITUDE  CELL  3 

8.’  Description 

8.1 .1  Test  Facility 

Cell  3  has  a  working  section  6.1  m  diameter  and  is  one  of  five  altitude 
test  cells  used  to  test  air  breathing  propulsion  systems  over  a  wide  range 
of  simulated  forward  speed  and  altitude  conditions.  Air  compressors  and 
exhausters,  of  300  MW  total  equivalent  power,  enable  altitudes  from  sea 
level  to  30,500  m  and  from  0  to  3.5  flight  Mach  number  to  be  simulated, 
with  airflow  rates  up  to  636  kg/s. 

8.1.2  Installation  Configuration 

The  UETP  engine  was  installed  in  Cell  3  in  a  similar  configuration  to  that 
developed  for  military  turbofan  engines.  It  was  pre-rigged  and  mounted  on 
a  pallet  before  installation  in  the  cell  (see  Figure  G).  The  pallet  was 
then  mounted  on  the  thrust  frame,  which  is  supported  on  oil-borne  bearings, 
and  connected  to  the  cell  services  and  instrumentation  lines.  The  engine 
inlet  duct  was  isolated  from  the  bellmouth  in  the  plenum  chamber  and 
upstream  ducting  by  a  freely  mounted  slip  joint  with  a  controlled  and 
calibrated  leakage.  Airflow  was  metered  using  a  venturi  type  contracting 
section  and  conditioned  to  a  uniform  pressure  profile  using  flow 
straightening  gauzes  (screens)  supported  by  a  coarse  grid  structure.  The 
pressure  at  the  inlet  to  and  around  the  exhaust  from  the  engine  was  automa¬ 
tically  maintained  to  simulate  the  desired  altitude  and  Mach  number  test 
conditions,  with  the  correct  inlet  temperature  attained  by  mixing  separate 
hot  and  cold  air  upstream  of  the  cell.  A  fixed  geometry  water  cooled 
exhaust  diffuser  was  used  to  collect  the  exhaust  gases  and  direct  them  to 
the  plant  exhauster  system. 

8.1.3  Environmental  Control  System 

The  temperature  environment  around  the  engine  ouring  testing  was  controlled 
by  bleeding  air  from  atmosphere  via  a  cell  ventilation  valve.  The  flow  was 
regulated  to  maintain  the  test  cell  temperature  within  specified  limits. 
The  environmental  pressure  around  the  engine  was  controlled  by  roughly 
sizing  the  engine  exhaust  diffuser  to  the  range  of  engine  operating 
conditions  and  to  the  plant  exhauster  capacity  and  finely  trimming  this  by 
bleeding  air  in  from  atmosphere  downstream  of  the  diffuser  through  three 
automatic  valves. 

8.2  Primary  Test  Measurements 

8.2.1  Thrust  Metering  System 

The  floating  thrust  frame  was  supported  from  oil-borne  bearings  on  flexure 
plates.  A  direct  measurement  of  frame  reaction  was  made  using  Bofors  shear 
force  load  cell.  The  system  was  calibrated  in  place  before  each  test  run 
using  a  compression  and  tension  load  cell  with  traceable  calibration  to 
the  National  Physical  Laboratory  (NPL)  standards. 
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Fig.G 


8.2.2 


Airflow  Metering  System 


The  airflow  was  metered  using  a  cubic  profile  subsonic  venturi  located 
upstream  within  the  plenum  chamber  as  part  of  the  engine  approach  ducting. 
The  venturi  flow  coefficient  analytically  accounts  for  a  velocity  profile 
at  the  throat  due  to  the  viscous  boundary  layer. 

8.2.3  Fuel  Flow  Metering  System 

Fuel  was  metered  with  two  positive  displacement  flowmeters.  The  meters 
were  calibrated  using  fuel  in  a  laboratory  test  rig  with  traceable 
standards  to  NPL. 

8.3  Data  Acquisition/Processing  System 

Pneumatic  and  electrical  instrumentation,  control  and  service  system  lines 
were  routed  from  the  engine  and  support  frame  to  the  test  cell  wall  in  such 
a  manner  that  the  desired  engine  thrust  measuring  accuracy  could  be 
maintained.  The  pressure  lines  were  routed  to  discrete  transducers  and  the 
thermocouple  leads  routed  through  insulated  flasks  containing  melting  ice 
at  273K.  The  electrical  signals  from  the  pressure  transducers, 
thermocouples,  thrust  measuring  load  cells,  and  fuel  flow  meters  were 
conditioned  for  sampling  by  a  Data  Acquisition  System  (DAS). 

The  engine  and  test  facility  conditions  were  monitored  in  the  control 
room.  At  specified  conditions,  multiple  scans  of  all  parameters  were 
recorded  by  the  DAS  for  determination  of  engine  performance.  The  multiple 
data  scans  were  recorded  by  a  satellite  computer  and  transmitted  to  the 
central  facility  computer  for  averaging  and  computation  of  cell  conditions 
and  engine  performance  parameters  in  engineering  units.  Some  selected 
data  were  transmitted  to  the  control  room  and  displayed  on  numerical 
display  units  (NDU).  The  performance  data  were  tabulated  on  a  line 
printer  and  stored  for  later  analysis.  However,  performance  data  could 
also  be  displayed  on  interactive  graphics  terminals  during  the  course  of 
testing  to  provide  on-line  monitoring  of  the  quality  of  the  data  being 
gathered . 
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r  14.  Abstract 

t  his  AGARDograph  is  an  outcome  of  the  Propulsion  and  Energetics  Panel  Working  Group  1 5 
1  on  Uniform  Engine  Testing  Programme'  (AGARD  AR  248).  During  the  performance  of  this 
!  Group  it  appeared  that  the  results  of  some  test  runs  were  somewhat  scattered,  without  an  obvious 
j  explanation.  The  Group,  therefore,  formed  a  sub-Group  with  the  task  of  carefully  assessing  the 
|  uncertainties  of  the  measured  data  in  order  to  find  out  whether  the  scattering  was  within  the 
|  expected  uncertainty  or  whether  an  explanation  must  be  found.  Since  the  results  of  the  efforts  of 
the  sub-Group  have  some  importance  beyond  the  Working  Group  1  5  tests,  it  was  decided  to 
report  them  in  the  form  of  an  AGARDograph.  In  Chapter  5  the  different  uncertainties  are 
estimated.  The  discussion  on  the  uncertainties  appears  in  Chapter  6  and  in  the  following  Chapter 
7.  ten  conclusions  are  drawn  from  the  efforts. 

! 

j  I  his  AGARDograph  was  prepared  at  the  request  of  the  Propulsion  and  Energetics  Panel 
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